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INTRODUCTION 


The structure of the membranes of cellulose fibers has been the 
object of numerous studies employing various physical, chemical 
and cytological methods. We would not have undertaken the 
study of a subject already so thoroughly and carefully explored if 
the demands of microchemical research on explosives had not by 
chance turned us in this direction. In attempting to determine 
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precisely the transformations undergone by nitrated cotton of vari- 
ous nitrogen contents under the action of the usual swelling agents 
(alcohol-ether, nitroglycerin), we were led to treat these explo- 
sives with various organic solvents and to follow the phases of 
their dissolution. We have discovered certain visible patterns 
which appeared rather remarkable to us and the significance of 
which we wished to learn. We have compared them with the 
figures which are observed on swelling native and bleached cot- 
tons with Schweitzer’s reagent. We have concluded this study 
with observations of a preliminary character on the bleached or 
nitrated fibers of ramie and some of the grasses. In summary, we 
have undertaken, at times using well-known methods and at other 
times using entirely new procedures (the appearance of dissolv- 
ing nitrated cotton fibers had not been described), the microscopic 
study of swelling of the walls of vegetable fibers. In the following 
pages is a review of the results so obtained. 

Our presentation is along the following lines: First we shall 
review as briefly and completely as possible the data previously ob- 
tained on these points. Next we shall report our own observations 
on cotton, grass and ramie fibers. Finally we shall give the prin- 


cipal conclusions of our work, comparing them to those of earlier 
studies. 


I. PREVIOUS DATA 


It is not an easy task to present in a complete and coherent man- 
ner the innumerable works published on the swelling of the walls 
of vegetable fibers, so as to give ar exact and precise idea of the 
present state of the question. As far as we know, there is no 
review of this type in existence. Also, it would be impossible, 
without this preliminary study, to understand the significance of 
the facts which are presented in this paper. We can not pretend 
to have considered, in drawing up this preliminary section, all the 
works published on the subject. It is even very probable that 
many of them have been overlooked and we apologize for this. 
We hope, however, that we have considered most of the important 
studies and can thus present a correct account. 

We shall first consider the numerous works on the swelling of 
fibers in the native, mercerized or bleached states. In these three 
cases the cellulose behaves like a hydrophilic substance and is at- 
tacked only by strong reagents, resulting in more or less drastic 
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chemical modifications. Then we shall review the few studies that 
exist on the microscopic characteristics of the swelling of nitrated 
or acetylated fibers. These hydrophobic cellulosic esters are solu- 
ble in a number of neutral organic solvents without chemical 
change. 


A. SWELLING OF HypDROPHILIC FIBERS 
(Native, Bleached and Mercerized Celluloses) 


We are familiar with the patterns obtained on swelling carded 
cotton fibers (native cotton) with Schweitzer’s reagent. As soon 
as this reagent comes in contact with the fibers, they show a lively 
contortion, then shrink, and at the same time swell irregularly. 
While certain segments swell to a point of becoming globular, 
other segments interposed between them remain cylindrical. The 
fiber then resembles a necklace of pearls, and on the surface of the 
“ pearls”’ (balloons) * we often see helicoidal filaments or ribbons 
uniting the constricted segments. Following this the balloons may 
diffuse and disappear in the reagent. These formations and simi- 
lar ones which are observed in the course of the swelling of nu- 
merous fibers have often been described and commented upon. At 
first the importance of the part played by the thin membrane, 
which exists around the thick cellulosic layers (whether lignified 
or not) and which is more or less resistant to cellulose solvents, 
was stressed; then, after closer examination, certain interesting 
characteristics shown by the cellulosic gel during swelling were 
noticed. 


1. INSOLUBLE MEMBRANES 


As early as 1858 Cramer, working under Schweitzer’s direction, 
described the behavior of the insoluble membrane which envelops 
fibers on swelling in Schweitzer’s reagent. His observations and 
the explanation which he gave have served as the basis of a great 
deal of work. Even today textile workers are deeply interested 
in the behavior of the insoluble walls during the course of the 
swelling of fibers and interpret observations of this behavior on 
the basis of Cramer’s work. However, in 1928 Liidtke proposed 
an entirely different explanation for these swelling patterns, which 


* Translators’ note: The term “balloons” is used alternatively with 
“pearls” throughout this translation. 
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was soon subjected to criticism and then abandoned, but which 
brought about a great deal of research. More recently Bailey and 
Kerr indicated (1935) the significance of these patterns in a very 
interesting manner. 


CRAMER’S INTERPRETATION. According to Cramer (1858), cu- 
pritetramine bases dissolve the cellulosic wall of cotton and the 
bast fibers of hemp and flax, but do not affect the non-cellulosic 
coating which covers them (cuticle in the case of cotton; “‘ sheath 
of intercellular substance” in the case of bast fibers). Under 
pressure of the internal cellulose during swelling, this sheath, al- 
though elastic and extensible, splits transversally, following a spiral 
path. Fragments of the sheath so divided are pulled back on both 
sides from the balloons which expand through the breaks, slide 
from the surface of the balloons and, settling between them, form 
collars which prevent the swelling of the cellulosic segments be- 
neath. After complete dissolution of the cellulose, nothing remains 
of the specimen but tubular or spiralled cuticular debris. 

This presentation of facts may be accepted without further argu- 
ment. Naegeli (1864), Correns (1892), Wiesner (1903), Ais- 
slinger (1907), Korn (1910), Herzog (1911), Tobler (1912), 
Herzog (1914), Balls (1919), Balls and Hancock (1922), Bright 
(1926), Calvert and Summers (1926), Miller (1929), Roehrich 
and Szymanek (1934), and more recently Schramek and his col- 
laborators (1941, 1942)—and this list does not pretend to be com- 
plete—have corroborated these findings by completing and verify- 
ing them. 

Correns (1892) stated that in the fibers which he studied 
(Euphorbia, Vinca, Kerria), the insoluble sheath corresponds to 
the primary wall, that is, to the first casing of the cambial cell, 
against which secondary layers of cellulose have been deposited 
internally. 

By using a stain with the swelling agent, clearer patterns can 
be obtained. Herzog (1911) treated cotton fibers simultaneously 
with a solution of ruthenium red and Schweitzer’s reagent. The 
cuticle, rich in pectic materials, stained carmine red. During the 
formation of “ pearl necklaces ” he observed very clearly the origin 
and arrangement of the creased rings and the helicoidal bands 
which join the “pearls”. The proteinaceous materials (proto- 
plasmic residues) filling the lumen are also stained and form a 
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braided cord whose many folds show the contraction undergone 
by the swollen fiber. Bright (1926) swelled fibers in sodium 
hydroxide, then stained them with a saturated solution of Congo 
red. At the cuticular breaks the stripped cellulose was stained 
vividly. Roehrich and Szymanek (1934) revealed the effects of 
swelling by staining with Congo red, ruthenium red, a solution of 
iodine in potassium iodide, and the Devaux reaction (formation of 
Prussian blue on the pectic layers by the successive application of 
ferric chloride and potassium ferrocyanide). They pointed out 
with exactitude the structural details of the cuticle, a membrane 
with a basically reticulated structure, which, by predominance of 
one of its directional components, ordinarily is reduced to a fila- 
mentous spiral perpendicular to the axis, with reversals of the heli- 
cal direction, and the fragments of which peel off in spiralled 
ribbons or irregular threads around the swollen fiber. 

The comparison of swelling patterns of raw, bleached and mer- 
cerized fibers has brought about interesting results. Herzog 
(1911) pointed out that bleached fibers, devoid of the cuticle, swell 
in a uniform way without forming balloons. Mercerized fibers, 
on the contrary, retain a slightly broken cuticle which splits into a 
spiralled ribbon in Schweitzer’s reagent. Calvert and Summers 
(1926) studied mercerized fibers in detail and photographed this 
spiralled breaking of the cuticle. 

The influence of the concentration of the solvent has also been 
determined. Miller (1929) showed that if a dilute swelling agent 
is used, the celluiosic wall swells slowly and regularly. Then the 
cuticle splits into a spiralled ribbon, in which the turns unroll and 
scatter in the liquid, thus allowing an increase in the diameter of 
the cylinder of cellulosic gel. On the contrary, if a concentrated 
reagent is used, the swelling is too rapid and the cuticular sheath 
is quickly broken, thus causing the formation of balloons. 

Recent studies of Schramek (1942), which do not concern 
cotton fibers but the pitted fibers of spruce (a study of the swelling 
of delignified and xanthogenated fibers), confirm the existence 
around the latter, as around the fibers studied by Cramer and 
Correns, of a sheath resistant to swelling (primary lamella of the 
wall), which, like the cuticle of cotton, breaks up into a spiral and 
forms balloons. (Around the lumen is an extremely thin internal 
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cuticle, more resistant to swelling than the whole of the wall, and 
undoubtedly consisting of non-cellulosic materials.) 

In summarizing, Cramer’s concept, as expounded by the authors 
mentioned above, consists of assuming the existence around the 
cotton fibers, of an invulnerable cuticle which is scarcely affected 
by the swelling agents for cellulose, and around the other fibers, of 
a sheath having comparable properties. These sheaths, composed 
mainly of pectic material or wax (according to Roehrich and 
Szymanek (1934), the cuticle of cotton is a complex “ of chitin- 
like, fatty, proteinaceous, and pectic substances”) but containing 
cellulose also (they seem to be made up of a variety of celluloses 
characterized by different degrees of polymerization: whence its 
slight solubility ; cf. Nickerson, 1940), appear to have a spiralled 
texture, and their resistance to swelling agents helps us to under- 
stand the different swelling patterns. 


LUDTKE’S INTERPRETATION. Starting in 1928, Ludtke in nu- 
merous publications (cf. par ex. 1932-1936) defended a pro- 
foundly different concept. He maintained that in cotton and other 
fibers the elementary cellulosic particles, corresponding to the 
dermatosomes of Wiesner, form spiralled fibrils, all of equal length, 
grouped in bundles or bands (Streifen) deposited in concentric 
layers around the lumen. Sections of helicoidal fibrils (Faserab- 
schnitte) in the striated structure succeed each other from one end 
to the other in each fiber. This entire cellulose structure is con- 
tained in a net of non-cellulosic sheaths, a net comprising an ex- 
ternal membrane (Primarlamelle) ; an internal membrane (Ter- 
tiarlamelle) in contact with the lumen, with transversal lamellae 
(Querelemente) separating the sections; and between these en- 
velopes of a higher order, a system of lamellae isolating the fibrillar 
layers (Schichthaute), the bundles of fibrils (Streifenhaute), the 
fibrils (Fibrillenhaute) and even the elementary cellulosic cor- 
puscles (Dermatosomenhaute). This whole complexity of en- 
velopes imparts certain characteristic forms to fibers attacked by a 
cellulose solvent. Thus the isolation of the successive cellulosic 
elements, separated by the transversal membranes, explains the 
formation of “ pearl necklaces”. Each balloon corresponds to a 
segment of cellulose, each constriction to a transversal septum. 
Or, swelling reveals the envelopes of the helicoidal fibrillar bundles 
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in the form of filaments or spiralled bands drawn to the surface 
of the cellulosic gel; “‘ pearl necklaces ” and spiralled forms may be 
combined. Depending on the nature of the fiber, its method of 
preparation or even the nature of the swelling agent, one type or 
another of swelling may be brought about. 

Hess (1928), Hess and Trogus (1929), Hess, Trogus, Lju- 
bitsch and Akim (1930), and lastly Sakostschikoff and his collab- 
orators, Tumarkine and Korsheniovsky (1930, 1932, 1935), stated 
one of the more characteristic ideas of Ltidtke’s theory, that of the 
existence of non-cellulosic transversal membranes, separating the 
many superimposed cellulosic segments in the wall of the fiber. 


We find facts and interpretations often worthy of notice in the 
numerous works of all these authors. For example, Liidtke (1928, 
1936), then Sakostschikoff and Tumarkine. (1930, 1935), used a 
method of attack which allowed direct observation of the transver- 
sal membranes of fibers. The fibers were subjected for one or 
two seconds to the action of concentrated sulfuric acid, then 
washed thoroughly in water. The acid destroyed the cellulose, 
and circular transversal projections, normal to the axis and corre- 


sponding to the stripped septa, were seen at the surface of fibers 


9? 


reduced to their “internal tube” (“tertiary ”” membrane, cf. p. 
561, or “ internal cuticle”, cf. p. 561, surrounding the lumen). 

Sakostschikoff and Korsheniovsky (1932) believed that the 
cuticle was neither spiralled nor reticulated but, contrary to the 
ideas of most of the other authors, without structure. 

Hess, Trogus, Ljubitsch and Akim (1930) also revealed the 
longitudinal contraction which ramie fibers undergo in swelling. 
Wicks of fibers, weighted at their ends by a metal disc, were im- 
mersed in tubes containing different swelling agents. The wicks 
contracted considerably but in a variable manner, depending on the 
swelling agents used. The authors interpreted this phenomenon 
as expressive of the contraction and swelling of the cellulosic ele- 
ments existing between the transversal septa. 

Lidtke (1936, I) emphasizes the fact that balloons are seen not 
only in the swelling of raw cotton but also in fibers bleached by 
chlorine water and ammonia?. Bleaching, however, certainly de- 
stroys the cuticle. The cuticle, then, is not necessary for the ap- 


* Liidtke contradicts Herzog on this point (cf. p. 560). 





SWELLING OF CELLULOSE FIBERS 563 


pearance of the figures in question, which are due exclusively to 
the presence of transversal septa remaining in the bleached fiber. 


Liidtke’s theory has been the object of vigorous criticism on 
the part of numerous specialists in the study of cell walls. The 
work thus excited has brought forth a number of new facts and a 
deeper understanding of the swelling patterns along the lines of 
Cramer’s interpretation. 


Schlotmann (1933) studied the structure of cotton and other 
fibers (Bambusa, Linum, Cinchona, Rhizophora, Monstera) * by 
means of swelling agents (Schweitzer’s reagent, concentrated or 
dilute hydrochloric acid, 20% potassium hydroxide). The changes 
which take place are the same for all of these. If the reagent is 
concentrated, the cuticle (cotton) or the superficial layer (the na- 
ture of which the author does not explain) divides irregularly at 
different points, longitudinally and transversally. In the trans- 
versal breaks balloons of cellulose are projected during swelling, 
on both sides of which the annular fragments settle in folds. In 
the longitudinal breaks the cellulosic gel also erupts, throwing aside 
the insoluble membrane in the form of a lateral band. If the re- 
agent is dilute or if it is used on a fiber having a wide lumen, the 
swelling is uniform. Schlotmann did not observe any fact which 
would confirm Lidtke’s interpretation, to which she is definitely 
opposed. 


Haller (1933) studied the action of cuprammonium hydroxide 
(Schweitzer’s reagent) and of cupri-ethylenediamine hydroxide 
(Traube’s reagent) on raw cotton. The swollen fibers were 
stained with safranin and methylene blue. He also observed the 
swelling patterns of mercerized fibers in carbon disulfide. The 
swelling patterns with all their variations (uniform swelling pat- 
terns with the cuticle split into a spiral; swelling patterns which 
had stopped at the formation of a “ pearl necklace”) were ex- 
amined very carefully. These arrangements indicated the pres- 
ence of a resistant sheath around the cellulosic layers of the fibers. 
Such a sheath does not exist in the transversal septa, and thus 
Liidtke’s concept becomes untenable. 


Haller then carried out (1935) experiments consisting of treat- 
ing fibers with concentrated sulfuric acid (Ltidtke-Sakostschikoff 


3 Lignified fibers (Bambusa, etc.) had been previously delignified. 
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method, cf. p. 562) and drew conclusions quite different from those 
of Liidtke’s school. His convincing argument against the Ludtke 
interpretation is as follows: an artificial silk, obviously devoid of 
transversal membranes, after treatment with certain substances 
( p-toluene-sulfonyl-chloride ; cyanogen chloride) which modify the 
surface of the fibers and create an artificial cuticle, followed by 
treatment with concentrated sulfuric acid, shows characteristic pat- 
terns. Haller claims that these are really annular protuberances 
formed by the swollen cellulose exuding at the point where the 
cuticle is more permeable or more sensitive to the swelling agent. 

Griffioen (1935), a student of Frey-Wyssling, studied the swell- 
ing of cotton and fibers (delignified if necessary) of different 
gymnosperms (aerolate fibers of Pinus, Abies and Picea) and 
angiosperms (nettle, ramie, hemp, flax, etc., palms, grasses, sisal, 
Fourcroya gigantea, Musa textilis) under the action of sodium 
hydroxide or Schweitzer’s reagent, or of these two reagents used 
successively. Cotton and the fibers of gymnosperms and of mono- 
cotyledons swell locally or diffusedly in the form of globules or of 
“sausages ”, while the primary membrane (in the sense used by 
Kerr and Bailey, 1935), “ more resistant and less swellable than 


the cellulose ”, bursts into spiralled fibrillar fragments. These may 
then slip from the surface of the gel and settle on both sides of 


‘ 


the swollen regions to form “ cuffs”’ at the points of constriction. 
On the other hand, he frequently observed in the axial region of 
the swollen fiber that the lumen (Innenschlauch) seems to be in 
globular formations separated by constrictions (cf. Figs. 1 and 6 
from Griffioen’s paper). The dicotyledonous bast fibers swell dif- 
fusedly with only slow and relatively little formation of the bal- 
loons and “ necklaces ” (hemp, flax) or without showing this type 
of change at all (ramie, nettle). This last observation is not en- 
tirely general. Moreover, even with the fibers swelling in a dis- 
continuous manner, the “ globes” or “‘ sausages” show variable 
length, depending on the methods of swelling used. Griffioen em- 
phasizes the fact that the techniques used cause diffused and regu- 
“lar swelling without the formation of “ pearl necklaces”. He 
shows also by precise measurements that the diameter of the 
“ pearls”, the surfaces of which are ideally spherical, is in direct 
proportion to the diameter of the fiber; that is, it depends on the 
quantity of swellable cellulose. These and other facts (for ex- 





SWELLING OF CELLULOSE FIBERS 565 


ample, Griffioen noticed that, according to Ohara, natural silk, 
which is certainly devoid of transversal septa, may show “ pearl 
necklace ” swelling patterns) cause the author to reject Lidtke’s 
interpretation categorically. 

In his important paper on the structure of vegetable membranes 
(1935) Frey-Wyssling described swelling patterns and discussed 
their significance. This study is based principally on the work of 
his student Griffioen. The formation of balloons depends on the 
presence, at the surface of the fiber, of a membrane nearly devoid 
of cellulose (. . . zellulosefremden Haut): the cuticle in the case 
of cotton and, in other fibers, the primary wall (in the sense used 
by Bailey and Kerr), a transversally oriented micellar network 
rich in pectic compounds, even lignified, containing “ only very 
little cellulose”. Frey-Wyssling also refuted the concept of the 
transversal septa *. 

Liidtke (1936, I) did not delay in replying. The procedures 
used in isolating the fibers studied by Schlotmann and by Griffioen 
are too severe and would destroy the delicate system of the en- 
veloping membranes. Otherwise the swelling patterns or the dis- 
solution of the fibers (by sulfuric acid) observed by Haller in 
artificial fibers would offer only a gross resemblance to the precise 
figures shown by the natural fibers. Ltidtke emphasized the fact 
that the “ pearl necklace” figures occur, in the case of cotton, not 
only in raw fibers but also in fibers bleached by chlorine water and 
ammonia. Bleaching destroys the cuticle. The cuticle, then, is 
not necessary to bring about the formations in question, which are 
due exclusively to the presence of transversal septa retained in the 
bleached fiber. 

Frey-Wyssling responded briefly (1936, II), maintaining his 
point of view; Ltidtke (1936, II) retained his position in the con- 
troversy. 

Wergin (1937) is, to our knowledge, the latest investigator to 
contradict Liidtke. He took up the study of the action of con- 
centrated sulfuric acid on cotton fibers (technique of Liidtke- 
Sakostschikoff-Tumarkine). During the brief but intense action 
of this reagent, the cuticle bursts under the pressure of the cellu- 
lose in swelling, then splits into layers which slip back from the 


4The same argument is reproduced in two papers of Frey-Wyssling 
(1935 and 1938). 
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surface of the fiber, forming sinuous or oblique transversal folds, 
often of a spiralled configuration, capable of being stained by 
safranin. These superficial folds are not at all indicative of the 
existence of transversal septa. 


To summarize, the theory proposed by Liidtke in 1928 did not 
withstand the criticisms of its opponents. These opponents as well 
as the workers of Liidtke’s school brought out a number of new 
and important facts which can all be interpreted according to 
Cramer’s concept. 


WORK OF BAILEY AND KERR. In a very important, paper pub- 
lished in 1935, Bailey and Kerr gave the results of their research 
on the structure of lignified or bast fibers of more than 3000 
species in 160 families and 40 orders. In a number of tropical 
species (Flacourtiaceae, Pandanus, etc.) they were able to show in 
thin sections, handled very carefully and mounted in a medium of 
suitable refractive index, without any swelling or chemical treat- 
ment, all the structural peculiarities of the thickened secondary 
wall. These are very different and vary, not only within the 
species but within the fibers of one single species, or even in dif- 


ferent areas of one single fiber. It is impossible to mention here 
all the structural types defined by Bailey and Kerr. Two particu- 
larly interesting examples will suffice to give an idea of their 
variety. 


In most cases the secondary wall of the fibers contains three 
layers. The very fine internal and external layers are character- 
ized by the fact that the elongated cellulosic particles are arranged 
transversally, that is, perpendicularly to the axis of the fibers. In 
the thickened middle layer, on the contrary, the cellulosic particles 
are oriented longitudinally, that is, parallel or somewhat oblique 
to the axis®. In the fibers of certain plants (for example, fibers 
of Flacourtiaceae and cotton) this thick middle layer is formed of 
multiple concentric strata, corresponding to deposits which alter- 
nate in their density. 


5 Frey-Wyssling (1935-1938) also pointed out these orientations of the 
“micelles” of cellulose in fibers. But, according to him, the transversal 
arrangement of the particles (Ringstruktur) is characteristic of the cuticle 
(cotton) or the primary membrane (fibers), while the longitudinal or heli- 
coidal arrangement with slight obliqueness to the axis (Schraubenstruktur) 
is characteristic of the secondary wall. According to the Americans, on 
the contrary, these different orientations exist within the secondary wall. 
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In other species the secondary wall contains a series of concen- 
tric strata corresponding to alternating transversal and longitudinal 
orientations of the cellulosic particles; the authors have given evi- 
dence of this arrangement in Pandanus fibers. It occurs also in 
bamboo fibers and, in general, appears frequently in the mono- 
cotyledons. 

These different arrangements result in different swelling pat- 
terns. 

Subjected to the action of Schweitzer’s reagent, the fibers (de- 
lignified) of the first type swell to form the “ pearl necklace ” in 
the fashion so often described, but for which Bailey and Kerr give 
a new explanation. By reason of its anisotropy, cellulose swells 
to the maximum in a direction perpendicular to the major axis of 
the particles, while it contracts in the direction parallel to this 
axis. Consequently the thick deposit, oriented longitudinally or 
helicoidally, homogeneous or stratified, swells radially, breaking up 
the thin transversally oriented layers which surround it into bands 
or spiralled filaments. This thin layer, on the other hand, tends to 
contract and consequently to constrict the gelled core. The au- 
thors do not contest the fact that in cotton fibers the primary wall 
(called the cuticle), which is insoluble in Schweitzer’s reagent, is 
able to contribute to the formation of the “ pearls ”, but they claim 
that the decisive factor in producing these patterns is in the sec- 
ondary wall and lies in the difference in orientation of the cellulosic 
particles in the external layer and in the thick deposit beneath it. 

Subjected to the action of Schweitzer’s reagent, the delignified 
fibers of the second type behave entirely differently. Each longi- 
tudinally oriented layer tends to swell laterally and consequently 
to break up the sheet of transversal structure which envelops it. 
Conversely the annular or spiralled sections so broken up tend to 
contract and constrict the cylinder of gel which they surround. 
The swelling patterns of these fibers are characterized, then, by the 
presence of collars and helices, not only on the outside of the gelled 
tube but even in its deeper parts. The fiber appears to be com- 
posed of many bistratified and concentric secondary walls, each of 
which swells into a “ pearl necklace ”. 

To summarize, Bailey and Kerr, in explaining swelling patterns 
by different properties which imply different anisotropies for a 
given cellulose, and without using the idea of insoluble membranes, 
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have brought forth an entirely new point of view. They do not 
contradict Cramer’s interpretation, but modify it; they oppose 
Liidtke’s concept in a most explicit manner and contribute greatly 
to showing its erroneous character. 


2. CHARACTERISTICS OF THE CELLULOSIC GEL 


Study of the cellulosic gel resulting from the swelling of the 
secondary wall of fibers permits observation of different structural 
elements. One may distinguish more often the concentric strata 
mentioned previously; each of these appears to be constituted of 
helicoidal fibrils of a subaxial direction (forming a very small angle 
with the axis), and close examination of the fibrils shows that they 
are not continuous but are in reality rows of very fine granules. 


STRATA. The stratification of the secondary wall of fibers is not 
often noticeable after swelling. When seen it is in the form of 
parallel striations, concentric in cross-sectional view, rectilinear in 
longitudinal view. The different layers frequently slide over one 
another like the tubes of a telescope until they separate (“ tele- 
scopic” images). Nevertheless, Bailey and Kerr (1935) showed 
that in lignified or bast fibers of a number of tropical species they 
can distinguish the different layers which constitute the wall with- 
out the use of swelling agents, and for the purpose of studying all 
the details, provided the sections are thin enough and observed 
under proper optical conditions (objectives, mounting medium), 
these specimens leave nothing to be desired. Bailey and Kerr have 
been able to describe different types of stratification. The data 
obtained on the concentric layers of the secondary wall of cotton 
fibers which can be revealed by the action of swelling agents will 
be examined. 

The strata of cotton fibers, discovered by Crum (1863; cf. Bar- 
rows, 1940), have been noted by different authors, especially by 
Herzog (1914), but they were made the object of an exact study 
for the first time by Balls (1919). Studying the development of 
Egyptian cotton fibers, he observed that the number of concentric 
layers visible in the wall is equal to the number of days since 
elongation of the fiber ceases and thickening of the fiber begins. 
In other words, when the fiber has attained a definite length (in 
Egypt, 25 days after flowering) a layer of cellulose is deposited 
during each 24-hour period. The deposition takes place during 
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the night and stops during the day, depending on the intensity of 
the light. 

But Kerr does not agree that the concentric layers forming the 
secondary wall of fibers correspond to an intermittent deposition 
limited to the night hours. According to him, the thickening of 
the cellulosic deposit is continuous. The layer formed during the 
warm hours of the day, however, is dense, while that formed dur- 
ing the cool hours of the night is porous. Behavior of the cam- 
bium is similar, being continuous during the growing season but 
producing successively a porous spring wood which is very distinct 
from the dense summer wood. 

Anderson and Moore (1937) confirmed that the stratification 
of cotton fibers corresponds to the alternation of day and night. 
In fact, the wall of fibers formed by plants subjected to continuous 
artificial light from the time of flowering until opening of the bolls 
is completely homogeneous without the slightest indication of con- 
centric layers. 

The question would be settled if Barrows (1940) had not ob- 
served an exactly opposite effect. According to her, the second- 
ary wall of fibers formed by plants subjected to continuous 
artificial light shows the typical lamellate structure; the negative 
results noted by Anderson and Moore are due to a destruction of 
the strata by the very severe action of Schweitzer’s reagent. Ac- 
cording to Barrows, each of the very fine concentric layers (ap- 
proximately one micron in thickness), varying in number not only 
in fibers of the same boll buat even in different points of the same 
fiber, is constituted of a single sheet of molecules deposited one by 
one against the preceding layer and immersed in a colloidal cement. 


HELICOIDAL FIBRILS. The very frequent, if not general, exist- 
ence of spiralled deposits in the walls of many plants, from the 
one-celled to the flowering plants, is a classical notion based on 
innumerable observations, some of which are very old. In the 
particular case of cotton fibers, indications of the spiralled struc- 
ture of the wall had already been shown by Cramer (1857) and 
Naegeli (1864). The spiralled structure of the wall of numerous 
fibers has also been known for a long time (cf. Dippel, 1898). A 
great number of different researchers, notably Balls and Hancock 
(1922), Balls (1923), Sakostschikoff and Korsheniovsky (1932), 
Farr and Clark (1932), Roehrich and Szymanek (1934), Bailey 
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and Vestal (1937), reached the conclusion, now generally ad- 
mitted, that helicoidal cellulosic fibrils exist in the secondary wall 
of fibers. These are more or less visible in the intact wall (cf. 
for example, Denham, 1923) and can be rendered more distinct by 
certain manipulations (for example, crushing the fibers: Balls and 
Hancock, 1922); on the other hand, since they are anisotropic, 
their arrangement can be determined with the polarizing micro- 
scope (Balls, 1923; Farr and Clark, 1932). It is seen that the 
fibrils are wound into helices of a very long period (in cotton, 
their angle of inclination to the axis is approximately 29°, while 
that of the cuticular spirals is about 70°: Balls and Hancock, 
1922), arranged in concentric layers corresponding exactly to the 
strata previously noted. The direction of winding (from left to 
right or from right to left) shows no regularity (cf. Bailey and 
Vestal, 1937). Not only does it vary in the layers but even 
changes direction in a single layer. On drying in air, mature 
cotton fibers collapse and shrivel, with frequent reversals in the 
direction of twist (Balls, 1923), and in a more exact way Roeh- 
rich (1934) stated the relations between the direction of twist and 
the direction of winding of the fibrils. 

In most of the recent work it is evident that during swelling 
these spiralled arrangements disappear completely. The cellulosic 
gel after swelling is generally described as homogeneous. In cer- 
tain articles, however, we find indications of the existence of heli- 
coidal formations in this gel. 

Thus in 1911 Herzog, studying the swelling of cotton fibers by 
Schweitzer’s reagent, pointed out that he had observed in many 
cases “‘a magnificent spiralled striation” in the outer layers of 
the cellulosic gel. He also says that this striation “ is apparently 
tied in with the frequent spiralled breaks of the cuticle ”. 

Balls and Hancock (1922), Haller (1931) and Sakostschikoff 
and Korsheniovsky (1932) observed different aspects of the fibril- 
lar helicoidal structure of the cellulosic gels during swelling ®. The 
work of Roehrich and Szymanek (1934) contains photographs 
showing the layers of helicoidal fibrils resulting from the swelling 
of the secondary wall, with reversals in the direction of the wind- 
ing, during treatment with Schweitzer’s reagent or sulfuric acid. 


6 According to Haller (1931), this structure is artificial; the fibrils exist 
only apparently (scheinbare Fibrillen); in reality only the surfaces of 
separation of the successive cellulosic layers are observed, twisted and put 
into profile by the swelling. 
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GRANULES. For a long time the existence of elementary cor- 
puscles in cellulosic membranes has been observed or assumed. 
According to Naegeli, who first studied this point, these corpuscles 
are submicroscopic crystalline particles (micelles). On the con- 
trary, Wiesner (1866) claimed that the cellulosic dermatosomes 
are visible under the microscope. But Ambronn (1925) agreed 
with the notion of submicroscopic crystalline granules. Accord- 
ing to Frey-Wyssling (1935; 1938), the micelles are not isolated ; 
formed of very long molecules regularly arranged side by side, they 
are joined to the adjacent micelles at the extremities of these 
molecules and thus form a continuous network, in which the mesh 
is filled with an interstitial materiaf (protoplasm, pectic com- 
pounds, lignin). The question is far from being settled and re- 
cently has been made the object of numerous studies. 

In 1934 Farr and Eckerson announced certain new facts con- 
cerning the structure of the walls of cotton fibers. These authors 
observed, throughout the period of development of the fiber, very 
small ellipsoidal particles in the cytoplasm, all of the same dimen- 
sion (1.5 x 1.1 microns), showing the microchemical (blue colora- 
tion by the successive action of iodine and sulfuric acid) and the 
optical (birefringence, refractive index) characteristics of cellulose. 
These granules, covered by a thin amorphous pectic envelope, are 
arranged in more or less long spiralled rows along the wall. They 
thus constitute the successive strata, giving them a fibrous heli- 
coidal texture. Moreover, these granules can be extracted from 
the whole wall by treatment with hydrochloric acid; the pectic 
cement is dissolved and the ellipsoidal corpuscles are freed. They 
may be collected and their cellulosic nature confirmed by different 
tests. Starting with these small grains, Farr and Sisson have been 
able to show typical X-ray diagrams of cellulose. If the corpuscles 
have been treated with sodium hydroxide, the diagram obtained is 
that of mercerized cellulose. 

Further studies of Sisson (1935) and of Farr (1936) confirmed 
these data. Then a series of studies by Compton (1938), Farr 
(1938) and Sisson (1938) indicated the presence and the behavior 
of the cellulosic granules in fibers swelled by Schweitzer’s reagent. 
While Compton and Sisson considered principally the physical 
(solubility, viscosity of solutions, X-ray diagrams) and the chemi- 
cal (formation of cellulose-copper complexes) characteristics of 
these elements, Farr, like many others, described the swelling pat- 
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terns produced by fibers in cuprammonium solution in the light 
of her recent discovery. Numerous facts have been revealed by 
her important work. 

Farr maintained that Schweitzer’s reagent does not entirely dis- 
solve cotton fibers but dissolves only the cement joining the ellip- 
soidal particles and does not affect these particles. Thus they may 
be separated by centrifuging and can be made to show the bire- 
fringence, the refractive index, the microchemical characteristics 
and the chemical composition of cellulose. The cement is partly 
made up of a pectic compound extractable by ammonium oxalate. 
If the swelling patterns are studied under proper optical conditions 
(high magnification, perfect lighting, selected slide and cover glass, 
slow progressive treatment of the fibers with Schweitzer’s reagent 
by gradually increasing the concentration), it is possible to observe 
in detail the first stages of the reaction, the rupture of the cuticle 
and the formation of the “ pearl necklace”. The material which 
constitutes this last appears at first homogeneous and amorphous 
(birefringence disappears); then as the extraction proceeds to 
completion, innumerable very fine granules, more or less definitely 
oriented in helicoidal lines, appear in the “ pearls”. At the same 
time the birefringence is gradually restored. Farr interprets these 
changes in the following way: the swelling patterns are at first 
homogeneous and amorphous because the severely swollen cement- 
ing substance masks the fine cellulosic particles; but they take on 
new appearances when the excess of the swelled material has been 
dissolved by continuously strengthening the reagent. Farr also 
observed that in bleached fibers (linters) during swelling, the heli- 
coidal fibrils and the granules are visible sooner and more clearly 
than in raw fibers. This is because prior bleaching operations 
have destroyed part of the cementing substance. 

The work of Farr and others of the Boyce Thompson Institute 
does not appear to have received the approval of other specialists 
in the field. 

In 1935 Bailey and Kerr contested the existence of discontinu- 
ous entities, like granules capable of being liberated by dissolving 
the non-cellulosic constituents, in untreated fibers or in fibers 
swelled with great care. These particles appear only secondarily, 
under the influence of chemical or mechanical treatments, from the 
dislocation of a naturally continuous network. 
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Hess, Trogus and Wergin (1936) do not agree that the ellip- 
soidal particles observed by Farr and Eckerson (1934) in the 
cytoplasm of cotton fibers are necessarily cellulose; nor do Ander- 
son and Kerr (1938). According to the latter authors, the cor- 
puscles in question are blue, not only in iodine and sulfuric acid 
but even in iodine solutions alone; ruthenium red stains them; 
they are undoubtedly small amyloplasts. 

According to Wergin (1938), the helicoidal fibrils of the cotton 
fiber are in reality made up of discontinuous elements cemented 
by a substance of unknown nature (cellulose of low degree of 
polymerization or some other substance?). But these corpuscles 
show dimensions very different from those which the authors of 
Farr’s school attribute to them. They are, in fact, :nvisible under 
the normal conditions of microscopical examination, and they can 
be observed only in a dark field or, better, by photographing them 
in ultraviolet light. Their size is of the order of 0.25x0.20 
micron. 

After the publications of Compton (1938), Farr (1938) and 
Sisson (1938), Barrows (1940) maintained the point of view of 
the Boyce Thompson Institute workers, in spite of the criticisms 
listed in the article of Anderson and Kerr (1938). But Nicker- 
son (1940), in a survey (Hock and Harris; Whistler, Martin, and 
Harris; Osborne, etc.) which cannot be analyzed here, concluded 
that the interpretation of Farr and her collaborators was incorrect. 
However, Schramek (1942) pointed out that the spiralled fibrils 
in the tracheids of spruce are able to be disintegrated into particles, 
the dimensions of which are obviously those indicated by Farr. 
These numerous contradictions only emphasize the difficulty of 
the problems raised by the observation of granules in the cellulosic 
gels during swelling. 


B. SWELLING OF HypDROPHOBIC FIBERS 


(Cellulose Nitrates and Acetates) 


It is a known fact that cellulosic esters (cellulose acetate and 
nitrocellulose) have physical properties very different from those 
of natural cellulose; they are insoluble in water but soluble in 
many neutral organic solvents. The microscopic study of the 
swelling of acetylated or nitrated fibers in these solvents has been 
touched upon only slightly. 
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1. NITRATED FIBERS 


In 1904 de Mosenthal observed, under the microscope, the effect 
produced by acetone on nitrated cotton. This solvent, the action 
of which is very rapid, dissolves the fibers into very small granules 
which are agitated by Brownian movements. 

Other interesting facts have been observed by Hess, Trogus, 
Ljubitsch and Akim (1930). They immersed wicks of equal 
length made of trinitrated fibers (13% nitrogen) of ramie, 
weighted down at their ends by a metal disc, in tubes containing 
either pure methyl alcohol or methyl alcohol in addition to several 
solvents (acetone, cyclohexanone, camphor, triphenyl phosphate). 
They observed that the contraction of these wicks was especially 
noticeable in the mixture of methyl alcohol and cyclohexanone. 
Hess and his collaborators, who were partisans of Liidtke’s theory, 
explained these contractions by claiming that each of the nitrocellu- 
losic segments included between the transversal septa thickens and 
contracts longitudinally under the action of the swelling agent. 
A microscopical study of the changes undergone by the fibers 
indicated that the swelling agent produced numerous helicoidal 
fissures in the thickened part of the wall, thus revealing the fibrillar 
structure already seen when Schweitzer’s reagent and other swell- 
ing agents. of the hydrophilic celluloses were used. A study of 
swelling of p-toluene-sulfo-ramie (cellulose of ramie fibers esteri- 
fied by p-toluenesulfonic acid) by pyridine led to similar results; 
patterns of helicoidal twists of the fibers showing in profile view 
swollen areas separated by many constrictions were interpreted as 
demonstrating the presence of transversal septa—at the constricted 
places—separating the swellable cellulosic segments. 


2. ACETYLATED FIBERS 


Hess and Schultze (1927) acetylated ramie fibers in a medium 
(benzene) such that the cellulose acetate formed could not be dis- 
solved. The fiber was transformed chemically without undergoing 
a morphological change; the acetylated areas were dissolved; and 
the regions not yet esterified were: brought out. They observed 
that the fiber breaks up, because of the transversal cracks, into suc- 
cessive segments which, by the formation of longitudinal fissures, 
become needle-shaped crystals. They did not notice at any time 
the indication of a spiralled structure. If the same tests are re- 
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peated (partial acetylation, then dissolution of esterified areas in a 
solvent for cellulose acetate), starting with artificial cellulosic 
fibers (viscose, cuprammonium rayon), the same results will be 
found. 

* * * * * 


The preceding pages summarize what is known of the pro- 
cedures for the swelling of fibers. This summary was necessary 
to help clarify the account which follows. It might have been 
interesting, in order to assemble all of the facts, to show in a com- 
bined account the present views on the structure of the walls of 
fibers. But space does not permit this, and furthermore it would 
be premature because there is still much to be known of all the 
elements which make up the complicated structure of the cellulosic 
and lignified walls. However, these findings have been verified 
by the first studies made with the electron microscope (cf. Wergin, 
1942). Moreover, reference is made to the excellent articles of 
Anderson and Kerr (1938) or of Nickerson (1940), devoted ex- 
clusively to cotton. 


II. COTTON FIBERS 


The swelling characteristics of cotton, both on the seed and 
carded, then of bleached samples in the form of absorbent cotton 
or linters, and finally of nitrated samples in the form of gun cotton 
were examined. 


A. Raw Cotton FIBers 


Raw cotton fibers on the mature dried seeds of an unknown 
American variety or in several lots of carded cotton have been 
studied under two conditions: intact and during dissolution in 
Schweitzer’s reagent or in cupri-ethylenediamine hydroxide. 


1. INTACT FIBERS 


Observed in air, without any mounting medium between slide 
and cover glass, the intact fibers of the types studied appear as 
very long (on the order of one centimeter) and very fine (width 
10 to 30 microns) ribbons, in which the borders have the appear- 
ance of thick rounded edges framing a narrow median region. 
The width of the fiber is gradually attenuated toward its tip so that 
the end has the aspect of a long, very thin whip. On the other 
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PLATE I 


Fic. 1. Middle region of sections of two cotton fibers observed in air 
between cover glass and slide. Note, at the arrow, the reversal of the 
winding direction; note also, on both sides, the reversal of the direction of 
inclination of fine oblique striations at the surface of the fiber (130 X). 


Fic. 2. Cross sections of cotton fibers with more or less thick secondary 
walls. (According to Roehrich, 1928.) 


Fic. 3. (A), very twisted region of a cotton fiber observed in air; (B), 
the same fiber after mounting in water (90 X; two successive photomicro- 
graphs). 
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hand, each fiber is twisted for a great part of its length; twisting 
sometimes goes from left to right (clockwise), sometimes from 
right to left (counterclockwise), with reversals in the windings 
occurring at very irregular intervals; also, the twists succeed each 
other at equal or unequal spacings. On careful examination, stri- 
ations or folds of different arrangements may be seen on the 
surface of the fibers. It is also possible to see that the drawn-out 
tip of the fiber is cylindrical or subcylindrical and has little or no 
twist. Figure 1 shows some of these details in the middle twisted 
region of the various fibers. This gives the characteristic appear- 
ance of a braid of two fibers. Very fine oblique striations, whose 
angle of inclination reverses itself in the direction of twist, may 
also be seen. If a tube of unequally pliable used rubber is twisted 
along its whole length, the same effect may be obtained (except 
that the direction of twist remains the same throughout the tube). 
In cross section these resemble the image represented in Figure 2. 

Mounted in water between slide and cover glass, the fibers are 
somewhat distorted (Figure 3). Their spirals, which are less in- 
tense than in the dry state, show the same characteristics and the 
same irregularities. Figure 3 shows the appearance of these 


fibers in their more highly twisted parts. Often the edge of the 
ribbon is seen at the point of a twist, or, because it is longitudi- 
nally folded into a groove, with one or both of its edges erect. It 
is possible to see then, in the thickened edge, in profile view, a 
discontinuity which gives the aspect of a line of middle cleavage, 





Fic. 4. Cotton fibers mounted in water, showing their characteristic 
twists. In all twisted or folded places where the edge of the fiber is in 
view, note, in the depth of the edge, an indication of the lumen (1), 
almost becoming a cavity. Note also the folds or cracks of the wall. 
Arrows indicate the direction of twist (130 x). 


Fic. 5. Fragment of a cotton fiber stained with ruthenium red, then 
swelled slightly with Schweitzer’s reagent. The thick lines stained darker 
with ruthenium red are shown in black (130 X). 


Fic. 6. Cotton fibers swelled with Schweitzer’s reagent. The first of 
these fibers, showing relatively slight swelling, is still regularly cylindrical. 
The other fiber, which is extremely swollen, shows, around its lumen, con- 
centric swollen layers of the secondary wall and, around the latter, a system 
of cellulosic spirals (130 x). 


ass; 7. Cotton fibers superficially swelled with Schweitzer’s reagent 
155 xX). 


Fic. 8. Formation of a “necklace” which can be stained with ruthenium 
red. Compare with Fig. 7 (155). 
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corresponding to the lumen of the fiber. Comparison of Figure 
2 with Figure 4 makes this clear. 

Thus the thickness of the walls of fibers observed in water may 
be roughly evaluated. The types of cotton used contained a large 
number of mature or almost mature fibers (thick wall and thin 
lumen) with a few immature fibers or fibers having only the pri- 
mary wall (dead fibers having no period of secondary growth). 
In the more or less mature fibers, the thickening of the secondary 
wall appears fairly even from base to tip; as a result, the lumen is 
hidden or reduced to nothingness in the apical region. 

Fibers observed in water show irregular markings (striations, 
folds, cracks) at their surface; in the dry state oblique striations 
may also be seen, but not as clearly. Treated with a solution of 
ruthenium red, the fibers stain vividly without showing any new 
details. 


2. SWELLING AND DISSOLUTION 


The fibers, previously stained by ruthenium red according to 
Herzog’s technique (1911), are treated with Schweitzer’s reagent, 
properly diluted (concentrated solution, 2 parts, ammonia, 1 part), 


or with cupri-ethylenediamine solution. In this way very different 
patterns, corresponding to all degrees of swelling, from the very 
slightest up to complete dissolution are observed, these varying 
with the strength of the reagent and time of treatment. 


FIRST PHASES OF SWELLING. 


Figures 5 and 6 represent the early stages of these transforma- 
tions. The first thing that is noticeable is the disappearance of all 
twisting and a more or less uniform swelling. Sometimes, as 
shown in Figure 6, the fiber becomes, for a great length, a regu- 
lar cylinder whose width is from 20 to 60 microns in diameter ; 
but, more often, numerous rather long sections which are not 
swelled but form tubular constrictions between the thick parts (cf., 
for example, Figure 12) occur with irregular spacings. 

The dilated regions frequently show at their surface a more or 
less extended system of shallow transversal folds which are clearly 
visible after staining with ruthenium red; each of these forms an 
arc of variable length or a complete ring around the fiber, as shown 
in Figures 5 and 6. 

Figure 7 gives other aspects corresponding to the first stages of 
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swelling. Here the surface of the now cylindrical fiber is larger 
than the original fiber and appears to be a separate distended 
sheath, the fine wall of which is marked with annular or helicoidal 
folds separated by the swellings. Each fold corresponds to a spiral 
or to a fine ring which appears less extensible than the whole of 
the wall. These figures suggest the existence, around the fiber, 
of a thin envelope which is invulnerable to Schweitzer’s reagent, 
and because of varying elasticity is irregularly dilated under the 
pressure of the swollen gel which results from the superficial dis- 
solution of the cellulosic layers. 


RUPTURED FIBERS. 


More marked swelling of the walls shows extremely diverse 
patterns, but all have a common characteristic: in dilating, the 
fibers contract. On their surface an external membrane, stained 
by ruthenium red, may be seen breaking into fibrillar layers of 
varying forms under the pressure of the colorless internal sub- 
stance during swelling. This colorless substance is not homogene- 
ous, but, in general, shows a very distinct system of spiralled or 
annular fibrils which are easily seen because of their refraction. 


FRAGMENTS OF THE EXTERNAL MEMBRANE. These show ex- 
tremely varied appearances, depending on whether they are ar- 
ranged in rings or in helices or broken off into irregular sheets; 
all the intermediate fragments seem to fall between these different 
arrangements. 


RINGS. Figure 8 makes clear one of the possible means by 
which rings may be formed. Under the pressure of the cellulose 
during swelling, the more extensible and less tenacious parts of 
the external membrane are distended (Figure 8 (a & b)) until it 
breaks at certain points. The more resistant rings (as seen in 
Figure 7) have slipped during this time from the surface of the 
cellulosic gel, causing the segments of the skin interposed between 
them to wrinkle (Figure 8 (b)). Little by little the highly 
creased fibrillar collars of characteristic appearance (Figure 8 (c) ) 
are then formed at the points of the constrictions. As shown in 
Figure 8 (c), irregularly formed fragments resulting from the 
breaking up of the less resistant parts of the skin are often attached 
to these annular bands. A process of this type is responsible for 
the formation of the rings, or collars, stained by ruthenium red 
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in each constriction of the partially swelled fiber represented by 
Figure 9. 


HELICES. Frequently it is possible to observe that the super- 
ficial membrane, under the pressure of the cellulosic gel during 
swelling, breaks up into a helicoidal spiral. Figure 10 represents 
two highly swollen fibers, around which the fragments of the 
broken external skin are wrapped in the form of spiralled fibrillar 
ribbons. In (b) is a reversal of the direction of winding. In (a) 
the fiber is marked by constrictions, and in the irregular external 
spiral are interposed rings resembling those previously described ; 
their formation results when the spiralled bands slip from the con- 
vex surface of the distended cellulose during swelling. 





PLATE II 


Fic. 9. Fiber stained with ruthenium red, then treated with Schweitzer’s 
reagent. The fiber, very irregularly swelled, forms a loop, of which the 
left division, still cylindrical, is marked only by a few transversal wrinkles 
similar to those previously described (cf. Fig. 6), located in the concave 
portion. The right division, greatly distended, shows three very swollen 
segments formed of a cellulosic gel which separates the fibrillar “collars”, 
of unequal width, stained a vivid purplish-red (155 x). 


Fic. 10. Fibers stained with ruthenium red, then swelled with Schweitzer’s 
reagent, with their external walls broken into a spiralled ribbon. qd ), a 
protoplasmic coagulate preserving the spiralled shape of the fiber in the 
lumen, in which it is molded ((a): 40; (b): 80). 


Fic. 11. Cotton fiber swelled into a “ pearl necklace” (50 x). 


Fic. 12. Cotton fibers during swelling in Schweitzer’s reagent, with 
irregular fragments of the broken membrane attached (80 X). 


Fic. 13. Cotton fiber stained with ruthenium red, then treated with 
Schweitzer’s reagent. Under the cuticular fragments (c), tinted violet by 
the stain, appears the surface of the irregularly swollen cellulosic wall. 
Note, on this surface, a system of spiralled fibrils, between which is con- 
stricted, in the upper part of the fiber, the swollen cellulosic tube (80 x). 


Fic. 14. Spiralled region of a cotton fiber observed in air (note a 
reversal in the direction of winding indicated by the arrow). (b) and (c), 
two successive sketches of this same region after treatment with Schweitzer’s 
reagent. Fragments of the peeled off cuticle are not shown (75 X). 


Fic. 15. Cotton fibers stained with ruthenium red, then treated with 
a solution of cupri- -ethylenediamine. In (a), note, under the fibrillar cutic- 
ular fragments, spiralled striations of the cellulosic surface during swelling. 
In (b), note the same helicoidal striations and, besides, at the point of each 
constriction, the two concentric “collars”, of which the outer, fibrillar 
and deeply ‘stained by ruthenium red, is of cuticular origin, while the inner, 


more regular, is refractive, colorless and of cellulosic nature ((a): 115; 
(b): 205). 


Fic. 16. Residues formed from the cuticle and the lumen of fibers com- 
pletely dissolved by Schweitzer’s reagent (80x). 
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“PEARL NECKLACES”. The familiar formations called “ pearl 
necklaces”, of which Figure 11 is an example, occur when the 
rings or the cuticular spirals into which the debris collects itself, 
sink down on each side of the “ pearls ”, forming fibrillar creased 
collars at the points of constriction. Moreover, these appear to 
be preformed and correspond to the segments which from the be- 
ginning are not affected by the swelling agent (cf. p. 578). 


IRREGULAR FRAGMENTS. Figures 12 and 13 show that the pectic 
membrane often scales off in the form of extremely irregular frag- 
ments around the cellulose during swelling. 


SWOLLEN CELLULOSE AND ITS STRUCTURE. The thick cellulosic 
secondary membrane, which has very interesting spiralled or 
ringed structures, may be seen under the cuticular fragments of 
different conformations. 


SPIRALS. The surface of the cellulose during swelling is marked 
at variable lengths by a system of very fine more or less serrated 
spirals which are refractive and colorless, even after treatment 
with ruthenium red. Figures 13, 14, and 15 (a) give an idea of 
this arrangement. These fibrils can not be thought of as being 
only striations engraved in the surface, but must be real fibrils 
which are under tension and which, during swelling, exercise a 
pressure on the material around which they are wrapped, causing 
visible constrictions, such as are seen in the lower parts of Figure 
6 and the upper parts of Figure 13, or in sketches (b) and (c) of 
Figure 14. This last figure shows, during the swelling of the same 
fiber, the transformations occurring in the cellulosic layers in 
which one sees in (b) and (c), the successive lines of separation 
in the form of very fine longitudinal striations. Noticeable also in 
Figure 14 are the deformations undergone by the lumen of the 
fiber, which is reduced to a fine axial canal, at first rectilinear 
(Figure 14 (b)), then very distorted (Figure 14 (c)). This last 
formation demonstrates the longitudinal contraction of the cellu- 
losic gel during swelling (contraction of the fiber). 


RINGS. A careful analysis of the patterns in the “ pearl neck- 
laces” reveals, at the points of the constrictions, the presence of 
double cuffs, the appearance of which is evident in Figure 15 (b). 
In each fibrillar cuff, stained intensely by ruthenium red, is a re- 
fractive and colorless ring; the rings occupying the successive con- 
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strictions are joined by the fine superficial spiral. There is no 
doubt that the rings and spirals belong to the same system. In 
many cases the colorless and refractive rings are formed into 
cuticular cuffs; they arise as a result of the settling and piling up 
of the helicoidal fibrils at the points of constriction on each side 
of the “ pearls” during swelling. 


DISSOLVED FIBERS, 


Under the action of a concentrated solution of Schweitzer’s re- 
agent, the fibers dissolve rapidly and disappear. From each of 
these there still remain residues constituted of the cuticular sheath 
or the protoplasmic molds of the lumen. Figure 16 represents this 
debris of the fibers. It is possible to recognize immediately in (a), 
at the points of constriction, the fibrillar collars joined by fairly 
large longitudinal fragments (compare, for example, Figure 16 
(a), and 8 (b) and (c)), and in (b), two thick rings formed by 
the process previously described. Some spiralled or irregular 
residues may also be observed. It is certain that in raw fibers 
which have not been subjected to a chemical treatment, the ex- 
ternal membrane (cuticle) is largely insoluble in Schweitzer’s re- 


agent. Finally in Figure 16 (b) in the axis of the two rings is a 
fine twisted filament, a vestige of the deformed lumen of the dis- 


solved fiber and constituted of protoplasmic residues molded 
within. 


B. BLEACHED FIBERS 


Two kinds of bleached fibers were examined: the first were the 
long fibers which make up absorbent cotton, the others were linters 
which are too short for spinning but which are used in the prep- 
aration of gun cotton. In the two cases the bleaching operations 
of the natural fibers were fairly similar. 

1. The natural fibers were first scoured in the autoclave under 
pressure of 2.5 to 3 kilograms for 4 to 8 hours in a solution of 
caustic soda (boiling). Several washings with water, at first hot, 
then cold, cleared the product of the lye which it contained. The 
fats, waxes and pectic materials were thus removed. 

2. The fibers were then whitened by treatment for several hours 
with a solution of calcium hypochlorite or of sodium hypochlorite 


(chloring). Another washing eliminated the greater part of the 
chlorine. 
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3. Finally the sample was left in a bath of dilute hydrochloric 
or sulfuric acid (acidifying agent) which destroyed the last traces 
of hypochlorite by liberation of hypochlorous acid. 

After several rinsings in cold water, the bleached fibers were 
dried in a centrifuge. 


1. CHARACTERISTICS 


It is surprising that the energetic treatments undergone do not 
swell the fibers and only slightly modify their appearance. The 
spiralling is decreased but remains evident. On the other hand, 
numerous bleached fibers show shallow or deep helicoidal crevices 
on the more or less long segments. Finally certain dyeing affini- 
ties are changed. While the natural fibers are stained vivid red by 
ruthenium red, bleached fibers are tinted a pale pink; this is un- 
doubtedly the best method for rapidly distinguishing between them. 
The direct dyes of the otter brown series (cf. Dauphiné and 
Riviere, 1940), that is, the direct red, direct black, direct blue, etc., 
stain the bleached fibers more intensely than the natural fibers and 
stain the linters more intensely than the absorbent cotton, a fact 
which can not be explained. In general, the short fibers of the 
linters appear more modified than the long fibers of the absorbent 
cotton. In the short fibers we observe very clearly the patterns 
reproduced in Figure 17, which are characterized by the presence 
of fine spiralled fibrils covering the internal surface of the fiber in 
contact with the lumen. In Figure 17 (c) the unequal width of 





PLATE III 
Fic. 17. Bleached cotton fibers (linters) stained with direct red (390 <). 


Fic. 18. Slightly swelled cotton fibers, with a twisted axial cord within 
a swollen sheath. The superficial spirals lightly sketched in (a) are easily 
seen in (b). (From a photomicrograph: 135 x). 


Fic. 19. Bleached fiber swelled by Schweitzer’s reagent: (a), focussed 
on the upper superficial plane; (b), focussed on the axial plane. (From 
two photomicrographs: 145 x). 


Fic. 20. Bleached fiber (linters) swelled with Schweitzer’s reagent: 
(a), focussed on an upper plane; (b), focussed on a lower plane. Note 
the position and manner of reversal in direction of winding of the super- 
ficial spiral. (From two photomicrographs: 130). 


Fic. 21. Fragments of two cotton fibers swelled with Schweitzer’s re- 
agent. Note the irregular swelling, the superficial helicoidal striations 
and the presence of a slightly swelled cellulosic cord in the axial region. 
(From two photomicrographs: (a), 65; (b), 145). 
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the lumen may be seen, showing that great irregularities can exist 
in the thickness or in the properties of the cellulosic wall. 


2. SWELLING AND DISSOLUTION 


Swelling of bleached fibers by Schweitzer’s reagent, in spite of 
certain characteristic resemblances, gives patterns very different 
from those previously described. If the bleaching operations do 
not visibly change the appearance of the intact fibers, they do pro- 
duce, in the walls, deep modifications which become evident during 
swelling. 

FIRST PHASES OF SWELLING. 


The formations present during the first phases are characterized 
by swelling of the superficial layers of the fibers only. Under a 
swollen peripheral collar there is a cord of cellulose, still possessing 
certain characteristic traits of the intact fibers. 

Figure 18 represents two slightly swollen fibers; in the axial 
region of each of them, a band may be seen still showing the twist- 
ing of the intact fiber; this band is covered by a swollen sheath, 
marked at its surface by very fine spiralled lines, evidently corre- 
sponding to the sub-cuticular spirals already pointed out (cf. Fig- 
ures 13, 14, 15). Notice the inequality of the swelling, especially 
visible in fiber (b), in which one section is hardly changed. In 
observing the transition between this section and the highly swol- 
len parts, the significance of the swollen area becomes obvious: this 
area represents only a very thin superficial layer, while the twisted 
axial cord corresponds to practically the whole of the intact fiber. 

Figure 19 represents two views of the same swelled fiber: in 
(a) its surface is marked by a system of unequally distant stria- 
tions; a layer at the deepest point in the axial plane in (b) shows 
that these striations are helicoidal and entwine entirely around the 
regularly swollen fiber, in the axis of which there is a cellulosic 
cylinder appearing to be untouched by the reagent. 

Figure 20 shows comparable patterns with regular swelling, 
helicoidal superficial striations and an unswollen axial cord; but 
we also see a very clear reversal of winding of the striations in the 
section of the fiber shown. 

The two fragments of fiber represented by Figure 21 correspond 
to the same degree of swelling, but the swelling here is very ir- 
regular, and in the cylindrical sections remaining, the superficial 
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spiralled appearance shows reversals in the direction of winding. 
Finally in (a) the axial cellulosic cord is marked by helicoidal 
striations having a much longer period than those of the peripheral 
striations. 

These diverse patterns and many others which are more or less 
similar differ considerably from those which mark the first stages 
of swelling of the unbleached fibers. 

For one thing, the scales, spirals or fibrillar cuticular collars, 
having a strong affinity for ruthenium red and so characteristic of 
the first stages of swelling of the fibers taken from the seed or in 
a skein of carded cotton, are scarcely present here. Bleaching 
destroys the pectic materials and consequently the superficial 
sheath; whence the weak affinity for ruthenium red in bleached 
fibers. 

On the other hand, the attack on the cellulosic wall is, as far as 
depth is concerned, far more homogeneous in the natural fibers 
than in the treated fibers. In the treated fibers, swelling, as a 
general rule, first affects a very thin superficial layer which swells 
and forms a more or less thick sheath around the scarcely de- 
formed parts beneath (for example, the twist here is preserved). 
In the natural fibers, on the contrary, swelling more often reaches 
all the way to the lumen. 

However, the presence of a system of superficial spiralled stria- 
tions constitutes an obvious resemblance between the swelling 
figures shown by the two types of fibers. 


LAST PHASES OF SWELLING. 


The terminal phase begins when swelling has reached the deep- 
est parts of the fibers. The patterns which they present are a con- 
tinuation of those previously described. Again the same hetero- 
geneity in thickness of the swollen wall is found; under the super- 
ficial sheath the deep strata are swollen and often broken up into 
very distinct concentric layers, revealing annular or spiralled 
structure. 

Figure 22 is interesting because it clearly marks the transition 
between the patterns described above and those which are going to 
be considered now. The peripheral sheath is marked by a super- 
ficial system of spiralled striations (cf., for example, Figure 18 
(b)), and in the axis is the initially intact cord which the process 
of swelling is beginning to affect. In fact, on each side of the still 
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twisted section are two parts already severely swelled, appearing 
to reunite into a system of very fine spirals. 

Figure 23 shows two initial areas of swelling (sp. int.) along 
the length of a still very visibly twisted cord in the axis of a highly 
swollen fiber. On the other hand, notice the two constrictions 
containing the refractive collars (c, c), evidently cellulosic in na- 
ture, corresponding to the sub-cuticular internal collars already 
seen in Figure 15. After swelling, the bleached fibers can form 
“pearl necklaces” very similar to those which result from the 
bursting of the untreated fibers. Therefore the presence of an 
insoluble pectic sheath is by no means necessary for the appearance 
of these figures; the spirals or external cellulosic rings, slipping 
from the surface of the layers during swelling, can, like the cutic- 
ular fragments, settle and accumulate at the points of constriction. 
By reason of their refraction and their regular contours, the cuffs 
so formed are very distinct from the fibrillar rings formed by the 
cuticle. The cellulosic collar originating from this process (Figure 
24) is slightly different from the ones previously mentioned; in 





PLATE IV 


Fic. 22. Bleached cotton fiber (linters) treated with Schweitzer’s re- 
agent. Note the peripheral sheath covered by a superficial system of 
spiralled striations (with a reversal in the direction of winding). It will 
be noticed (by examining the point of slight swelling marked by a con- 
striction) that this sheath corresponds to the layers of the fiber very near 
to the surface. In the axial region of the fiber, the deep strata are seen 
in the form of a cord which is still spiralled and which extends in both 
directions into regions already swollen, distended and marked by a 
spiralled system. (From a photomicrograph: 130). 


Fic. 23. Bleached cotton fiber (linters) swelled with Schweitzer’s re- 
agents. On the swollen sheath, which corresponds to the superficial layers 
of the fibers, as in the previous examples (note the transition, indicated 
by a mark, between two unequally swollen sections), in certain places, 
the more or less developed exteriial spiralled system (sp. ext.) may be seen. 
In the axial region on the path of the twisted cellulosic tube are two areas 
of swelling, at the point of which an internal spiral (sp. int.) is revealed; 
((c), (c)) cellulosic collars (195 x). 


Fic. 24. Bleached cotton fiber (linters) swelled with Schweitzer’s re- 
agent, showing its concentric layers, the spirals lining the lumen (cf. Fig. 
17) and the constriction with cellulosic ring (155 x). 


Fic. 25. Two bleached cotton fibers (linters) swelled with Schweitzer’s 
reagent and showing the internal spiral (155 x). 


Fic. 26. Bleached cotton fibers (linters) swelled by Schweitzer’s re- 
onent and showing different appearances of the spiralled internal sheet 
(155 X). 
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fact, the wall, swollen throughout its thickness, not only shows its 
spiralled structure as far as the edge of the lumen, but clearly re- 
veals its concentric layers. These formations can be compared 
with those which show the walls of the natural fibers after treat- 
ment with Schweitzer’s reagent; at the surface of the cellulose 
during swelling (cf. p. 582 and Figures 6, 13, 14) there are 
spiralled fibrils distended by the gel, which exercise a pressure 
upon this gel, causing formation of the grooves. Fibrils and col- 
lars are of the same nature and seem to be made up of a kind of 
cellulose more resistant to the dissolving action of the reagent. 

Figures 25, 26 and 27 represent fibers in which the cellulosic 
cord, initially preserved under the peripheral sheath, is entirely 
swollen and reveals the continuity of its spiralled system. 

In Figure 25 (a) this cord shows a manifest helicoidal twist. 
The sheath which envelops it and to a great extent is molded upon 
it is superficially marked by the system of helicoidal striations al- 
ready often described. These external spirals are wound in a di- 
rection opposite to those which are observed on the surface of the 
internal cord; also, the indentations of this internal cord appear to 
correspond to a slit separating two fine spiralled fibrils: a slightly 
twisted thread, in which the constitutive fibers stretched to the 
breaking point showed a similar appearance. In Figure 25 (b) 
the internal cord during swelling shows an untwisted striation 
which is less dense; the sheath surrounding it is marked by a sys- 
tem of equidistant helicoidal grooves, apparently corresponding to 
a periodic system of lines of lesser solubility at the circumference 
of the fiber. 

Figure 26 shows a few interesting details of the internal spiral 
formed under the conditions indicated above. In (a), near the 
constriction, and in the whole extent of the section represented in 
(c), the internal spiral forms a sheet separated from the layers 
underneath the surface from which it contracts in slipping. 

In (b) the internal cord is marked by a constriction with a 
refractive ring, evidently having the same relation to the internal 
spiralled system as the rings previously described show to the ex- 
ternal spirals. Consequently the formation of cuffs is not neces- 
sarily tied up with the presence of the cuticle or even with the 
properties of the superficial layer of cellulose. In (d), finally, a 
figure is shown during the last stages of swelling; the external 
contours of the fiber are not easily seen because of the state of 
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extreme swelling ; immersed in this diffuse gel, the internal spiral, 
in the process of disappearing, is easily recognizable in the form 
of a tube from which emerges a sheaf of fine divergent striations 
(each of which indicates the space between two swollen internal 
layers) ; its upper edge is turned over into a folded membrane in 
the form of two discontinuous winding lines. Floating, disinte- 
grating little by little, it is visible in (d) in an optical section. 
When this sketch was made, the process was spreading rapidly and 
the spiralled tube, continuing thus to shrink, presently disappeared. 

Figure 27 shows swelled fibers in which three spiralled systems, 
situated at different levels, are seen superposed. There are, first, 
the superficial fibrils already so often observed; second, the inter- 
nal helicoidal sheet previously described; and third, under this 
helicoidal sheet, a less dense group of very deep spirals located at 
the circumference of the lumen and appearing to correspond to the 
spiralled striations visible in numerous bieached fibers observed 
without swelling. This is also the deep system of separated 
spirals, as seen at the right in Figure 28, freeing itself from a 
tube twisted in the form of a helix and obviously corresponding 
to the cellulosic layer which bounds the lumen of the fiber. 

Finally Figure 29 shows certain patterns frequently observed, 
in which the spirals are not visible. The highly swollen wall of 
each fiber appears to be divided into two distinct layers, of which 
the dispersed external layer shows no structure, while the internal 
layer has the appearance of a stalk. In (a) the different layers 
constituting the latter can turn themselves around, individually or 
in small groups, in such a way as to form more or less thick cir- 
cular flanges which slip over the layers beneath. This turning 
has already been shown above (cf. Figure 26 (d)) and appears to 
be a frequent process at the level of the internal layers of the fibers. 

* * * * * 


The behavior of natural fibers treated with Schweitzer’s reagent 
differs from that of bleached fibers, first because of the presence of 
the pectic cuticle which is missing from the bleached fibers, but, 
above all, because the swelling of the cellulosic wall of the natural 
fibers is homogeneous in depth for each level considered; the sys- 
tem of superficial spirals is the principal if not the only visible 
element of heterogeneity of a gel without structure?. On the con- 


7 We can nevertheless distinguish, in the highly swollen fibers, the sur- 
faces of separation of the concentric layers of cellulose. 
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trary, the cellulosic wall of the bleached fibers nearly always mani- 
fests in its depth some evident discontinuities marked by the pres- 
ence of more sheets of spiral texture, often simultaneously visible. 
These sheets, evidently made up of cellulose, can, like the cuticular 
fragments of natural fibers, slip from the surface of the layers of 
gel beneath, wrinkle, break up into helicoidal filaments and sink 
into the valleys on both sides of the section during swelling; the 
cuffs formed are similar to those which constitute the cuticular 
fragments but they are more refractive and less fibrillar. So far 
the cuticle has been considered as the only element of the fibers 
capable of resisting the action of these solvents because it is not 
cellulosic. It will be necessary to consider the existence of other 
resistant layers, located at the surface or in the depth of the sec- 
ondary wall. They are also cellulosic in nature, and they are 
therefore dissolved sooner or later by swelling agents; but being 





PLATE V 


Fic. 27. Bleached cotton fibers (linters) swelled with Schweitzer’s re- 
agent and showing in superposition, besides the helicoidal systems already 
described, a more internal system situated at the circumference of the 
lumen (155 &; cf. Fig. 17). 


Fic. 28. Bleached cotton fiber (linters), almost dissolved by Schweitzer’s 
reagent. The wall of the fiber is only a diffluent gel around a narrow helical 
twisted tube corresponding to the lumen (195 x). 


Fic. 29. Two bleached cotton fibers (linters) broken apart by Schweitzer’s 
reagent. The concentric layers are clearly dissociated in the deep part 
of each fiber (especially in (a)), but we do not see any spiralled arrange- 
ment here (195 X). 


Fic. 30. Nitrated cotton fibers (CP:) slightly swollen in a mixture of 
castor oil and cyclopentanone. (From a photomicrograph: 130 x). 


Fic. 31. Section of a nitrated fiber (CP:) during swelling with a drop 
. mixture of cyclopentanone and hexane. (From a photomicrograph: 
mK) 


Fic. 32. Fragments of a nitrated fiber (CP:) subjected to the action of 
a mixture of cyclopentanone and hexane. Note the separation of the 
superficial membrane into ribbons or spiralled filaments. (From a photo- 
micrograph: 130). 


Fic. 33. Fragments of nitrated fibers during swelling in a mixture of 
cyclopentanone and hexane. (A), two successive views ((1), (II)) of 
the same fiber sketched five minutes apart. (B), section of a highly swelled 
fiber showing, around an internal spiral which has thin serrated turns, 
an external spiral, coarser than the internal spiral and whose turns are 
more distant from each other. Note, in the internal helicoidal system, a 
constriction encircled by a “cuff”. (C), interlaced fibers showing their 
external spirals very clearly (130). 
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less soluble, they are undoubtedly dissolved more slowly and can 
produce patterns very similar to those formed by the broken 
cuticle. 


C. NITRATED FIBERS 





From a chemical point of view, nitration consists of substitution 

of NOz groups for the H of the hydroxyl group in the glucose 
rings which constitute the cellulosic molecular chain. This opera- 
tion is carried out by treating purified cellulose (cotton or bleached 
fibers) with concentrated nitric acid in the presence of a dehydrat- 
ing agent (sulfuric acid, acetic anhydride, phosphoric anhydride). 
The nitrogen content of the products thus obtained varies with the 
composition of the nitrating mixture. This is at maximum 
14.14%, corresponding to trinitrocellulose, but if nitration is not 
completed, gun cottons may be prepared showing all possible nitro- 
gen contents below this maximum, according to the number of 
substituted hydrogens. 
Observations have been made on nitrated cottons used for the 
manufacture of explosives, of which the nitrogen content ranged 
from 13 to 14% (type called CP,) or from 11 to 12% (dinitro- 
cellulose : type called CP2). These cottons were obtained by nitra- 
tion of bleached linters in a bath containing either two parts of 
concentrated nitric acid, one part of acetic anhydride, and one part 
of acetic acid, to obtain the CP; (14% N), or 21% concentrated 
nitric acid, 66% concentrated sulfuric acid and 13% water to ob- 
tain a CP, (13-13.2% N), or 21% concentrated nitric acid, 61% 
sulfuric acid and 18% water to obtain a CP. (12.4% N). 





1. CHARACTERISTICS OF NITRATED FIBERS 


All nitrated linters have the same morphological characteristics 
as the bleached linters from which they are derived; the spiralling, 
while less marked than in the natural fibers observed dry, is still 
easily visible, and the walls offer no new detail worth noticing. 
Their spiralled texture, and especially the more or less deep heli- 
coidal crevices, have already been pointed out (cf. p. 585). 

The solubility characteristics of nitrated fibers and their be- 
havior with respect to dyes are entirely different from those of 
bleached fibers. Substitution of the H groups of cellulose by NOz 
groups results in a complete change of the affinity of the molecule: 
while cellulose is hydrophilic, nitrocellulose is hydrophobic. 
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Because of this property the dyeing affinity is extremely differ- 
ent from that of natural or bleached fibers. The direct dyes of 
cellulose (Congo red, direct red, direct black, etc.) do not dye 
nitrated fibers. Iodine green stains them deeply, while it imparts 
to the bleached fibers a pale green tint. The hydrophobic char- 
acter of nitrated fibers is especially evident in the fact that they 
absorb, though weakly, specific fat dyes, such as Sudan red, Sudan 
black, BZL blue and indophenol blue. But staining is intense 
when the same dyes are applied to the nitrocellulose gels formed 
during treatment of the fibers with certain solvents (nitroglycerin, 
diethylene glycol nitrate) 8, thus making the different characteristic 
patterns of the transformations more easily visible. 


2. SWELLING AND DISSOLUTION OF NITRATED FIBERS 


Gun cotton is soluble in a large number of xeutral organic com- 
pounds. Those tested were alcohols of low molecular weight 
(methyl alcohol), nitric esters (methyl nitrate, diethylene glycol 
nitrate, nitroglycerin) and some ketones (acetone, cyclopentanone, 
camphor, etc.). In general, solubility decreases as the nitrogen 
content increases. Consequently, with respect to numerous sol- 
vents at least, the CP. is more soluble than the CP. Of all the 
swelling agents studied, the most interesting one seemed to be 
cyclopentanone. 


ACTION OF CYCLOPENTANONE. 
CH:—CHg 


Cyclopentanone, CO, is one of the stronger sol- 
CH.2—CH2 


8 These facts help to rectify certain histochemical notions. Since the 
work of Kaufmann and Lehmann (1928), it is sometimes claimed (cf. 
Verne, 1937) that only unsaturated compounds absorb Sudan red and 
similar stains (Sudan black, BZL blue). But, as stated before, these dyes 
stain not only nitrocellulosic gels, swelled with nitroglycerin or diethylene 
glycol nitrate, but also nitrocellulose itself. In treating dynamite with an 
alcoholic solution of Sudan red, Sudan black, or BZL blue, excellent 
specimens are obtained showing the droplets of nitroglycerin tinted red, 
violet or blue, lodged in the cavities of the valves (dynamite contains dia- 
tomaceous earth). Nitroglycerin and diethylene glycol nitrate are satur- 
ated compounds. On the other hand, the solutions of indophenol blue in 
70% alcohol stain nitroglycerin and the gels resulting from the attack of 
trinitrocellulose by this swelling agent. Consequently indophenol blue is, 
as are Sudan black and red, a direct dye of hydrophobic secretions, con- 
trary to the point of view expressed by Lison (1936). Moreover, it has 
been proven that alcoholic solutions of indophenol blue stain oil drops in 
the albumen of castor or the endosperm of pine. 
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vents for nitrocellulose. It dissolves dinitrated (CP2) and tri- 
nitrated (CP) cottons almost instantly and without residues. 
Because of this severe action it can not be used in an effective 
manner in the pure state for examination of fibers. On the con- 
trary, it gives good results when it is properly diluted with an inert 
solvent such as hexane or castor oil. Of all the mixtures tested, 
that of cyclopentanone and hexane seemed most desirable (for 
example, a mixture of equal parts of these two); and to obtain 
more easily controlled effects the swelling agent was diluted with 
castor oil (five drops of castor oil in one cc. of cyclopentanone ). 


FIRST PHASES OF SWELLING. The first stages of swelling are 
easily observed when very dilute solutions of cyclopentanone are 
used; mixtures with castor oil are particularly favorable. For 
example, Figure 30 represents two sections of fibers very slightly 
swelled in one of these oil solutions. Their appearance is similar 
to that of native fibers subjected to the controlled action of 
Schweitzer’s reagent (cf. Figure 6); a less soluble superficial 
membrane around the cord of gel tears open during swelling fol- 
lowing annular or spiralled lines; at these cracks the internal gel 
stands out in the form of flanges as shown in Figure 30 (a). This 
resemblance between native and nitrated fibers in the first phases 
of swelling should be noticed because nitrated fibers, after bleach- 
ing and nitration, are stripped of the cuticle which the native fibers 
possess. This pattern is comparable to preceding ones, but corre- 
sponds to more marked swelling than is represented by Figure 31. 
At the left is a refractive cuff which is continuous in spite of a few 
incomplete circular striations, and which hides the deep parts of 
the fiber; at the right this sheath is dissolved into a system of 
annular or spiralled fibrils, appearing to constitute a discontinuous 
ligature around the internal gel which juts out between them 
during swelling. 


Figure 32 shows the breaking up of the superficial layer of a 
nitrated fiber into bands or helicoidal filaments. In all the cracks 
the gel stands out in the form of transparent flanges, in the center 
of which traces of the lumen may be seen. 


MIDDLE PHASES OF SWELLING. The first phases of the action 
of cyclopentanone are explained by patterns showing the breaking 
up of a superficial membrane into ribbon-like or filamentous heli- 
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coidal fragments. As swelling becomes more complete, these frag- 
ments are resolved into a more or less dense system of spirals or 
thread-shaped rings which are wound around the secondary layers 
during swelling and which may slip from the surface. These sec- 
ondary layers either appear to be without structure or show a 
spiralled structure which is much less definite than that of the 
exterior layer. 

Figures 33 and 34 show different appearances of these phases. of 
swelling. Figure 33 (A) represents two successive stages of 
swelling of the same fiber showing two sections, side by side, one 
of which was subjected to rapid dissolution, while the other, which 
is cylindrical and bounded by its external membrane, remains un- 
changed. In (1) the swollen part includes a very distended shell, 
corresponding to the peripheral layers, and marked superficially 
by an outline of spiralled grooves. In this cylinder of gel is an 
intact cord which travels axially in a very fine duct representing 
the lumen of the fiber; this same section five minutes later is seen 
in (II) : the envelope of gel dissolves and disappears and the previ- 
ously intact internal cord now becomes a system of very fine 
spiralled fibrils. These fibrils disappear upward in the tube formed 
by the external membrane which breaks up into a spiral at either 
end. This pattern, (A II), helps to clarify sketch (B) which 
shows a helicoidal thread-like residue of the external layers around 
a very swollen fragment. In the axis of this loose spiral the deeply 
eroded internal cord is marked only by a dense spiralled fibrillar 
system which breaks off into a circular constriction. Comparable 
formations have already been observed in bleached fibers treated 
with Schweitzer’s reagent (cf. Figure 25 and especially 23 and 
26). All of these patterns indicate the existence of a more resist- 
ant layer in the form of a spiralled skeleton deep in the secondary 
wall, while other completely swollen fibers show properties com- 
parable to those of the superficial membrane. Figure 33 (C) 
shows a formation which occurs very frequently: the fiber, with 
the external spiralled system clearly outlined, forms a long loop, 
in which the branches are wrapped one about the other in serrated 
turns like a rope of twisted wool. 

In Figure 34 are patterns very similar to preceding ones. (A) 
and (B) picture the helicoidal system resulting from the breaking 
up of the superficial membrane, a system in which the relatively 
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dense spirals in the still cylindrical sections are brought to the 
surface of the “ pearls” during swelling and, slipping to either 
side of a “ pearl”, accumulate in the constrictions. This is the 
origin of the patterns having the form of spools of irregularly en- 
twined filaments, visible in the middle of the fiber shown in (A) 
and at the left of the large swollen area in the fiber shown in (B). 
Also, in the axis of the swollen fiber, in (A), is a deep system of 
fine helicoidal fibrils already evidenced in Figure 33 ((A) and 
(B)). 

Figures 35 and 36 represent different appearances of fibers al- 
ready severely treated. 

Of interest in Figure 35 are the sections corresponding to the 
basal or middle regions of the fibers. The superficial membrane is 
still intact in the long (B) and short (A) tubular sections. 
Everywhere else this membrane is broken up under the pressure 
of the internal gel into a group of spirals which are nearer to each 
other as the swelling at the particular point is less intense. These 
filaments are immersed in the cord of gel marked at its surface by 
spiralled grooves, from which flanges bulge out as a result of 


swelling. In the axis of the fiber in (D) is a tube having a thick 





PLATE VI 


Fic. 34. Fibers of nitrated cotton (CP:) strongly swelled by cyclopen- 
tanone-hexane mixture. (A), fiber showing both the external spiralled 
system and the much more delicate internal spirals. (B), fiber showing only 
the external spirallied system with all the intermediate spirals between the 
still almost intact tubular sections and the highly swollen parts covered by 
a loose spiral. (From two photomicrographs: 125 x). 


Fic. 35. Nitrated fibers (CP:) strongly attacked by a mixture of cyclo- 
pentanone and hexane. Sections corresponding to the basal or middle regions. 
Lo pe different photomicrographs: (A), (B), (C), 75x; (D), (E), 
ive &). 


Fic. 36. Tapered end of a nitrated fiber (CP:) during dissolution in a 
mixture of cyclopentanone and hexane. Note the numerous resistant rings 
(joined at certain points by a very fine helicoidal filament) which are made 
evident by the swelling agent. Notice another very short fragment next to 
this long annular section, showing a spiralled ornamentation. (From a 
photomicrograph: 125 x). 


Fic. 37. Fragment of a nitrated fiber (CP:) severely attacked by a mix- 
ture of cyclopentanone and hexane and showing at its surface spiralled and 
annular ornaments. (From a photomicrograph: 125 <). 


Fic. 38. Nitrated fibers (CP:) strongly swelled by a mixture of cyclo- 
pentanone and hexane. (A), typical “pearl necklace” pattern (from a 
photomicrograph, 70); (B), the resistant superficial sheath arranged in 
rings and spirals. (From a photomicrograph: 95 x). 
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wall and a very fine lumen, corresponding to the slightly affected 
internal layers. In (E) the secondary wall is swollen and shows 
longitudinal striations corresponding to the lines which separate 
the different successive layers. 

Figure 36 shows a section of the tip of the fiber (cf. p. 575). 
The swelling agent, by breaking up the external wall, has brought 
about a somewhat different type of pattern, mostly made up of iso- 
lated rings separating the “ pearls” of gel. The following rela- 
tionship is general: while the external cellulose layer breaks into 
spirals in the basal and middle parts of fibers, in the apical region 
it forms collars. The short spiralled fragment visible on the side 
of this long annular tube is undoubtedly a piece cut out of the mid- 
dle region of a fiber. 


’? 


LAST PHASES OF SWELLING. Fibers examined according to 
methods previously described gradually dissolved. Rings or 
spirals resulting from the destruction of the external membrane 
are also progressively freed from the gel which they surround and 
then agglutinate or unwind before disappearing in the solvent. 

Figures 37 and 38 do not differ much from those mentioned in 
the preceding section. While Figure 37 shows a superficial spi- 
ralled ornamentation, Figure 38 has “ pearl necklace” patterns, in- 
cluding a typical one with free rings (A). Again it must be noted 
that the formation of these patterns (cf. p. 596) is not necessarily 
linked to the presence of a non-cellulosic cuticle. Differences in 
solubility which nitration does not change, but may even magnify, 
exist among the celluloses of the secondary wall of the fibers; in 
fact, the spiralled filaments or “ necklaces ” appearing during the 
course of dissolution are more clearly evident than during the 
attack of Schweitzer’s reagent on the raw or bleached fibers. The 
great similarity between the patterns disclosed by these very dif- 
ferent methods removes all doubt that they correspond to the real 
structures. 

Finally the last phases of swelling are characterized by more or 
less complete disappearance of the less resistant parts of the fibers. 
Between the cover glass and the slide, the nitrocellulosic solution, 
gradually becoming concentrated, takes on the consistency of a gel. 
Dispersed in this gel, however, there still are numerous long or 
short fine helical springs, with turns close together or far apart, 
or compressed to form collars (Figures 39 and 40). Fragments 
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in the form of isolated rings circling a small globe of dense gel 
(Figure 40) resemble swelling figures produced by the action of 
Schweitzer’s reagent on thin cross sections of raw fibers (cf. Farr, 
1938). The ring obviously shows a different nature here because 
it consists of the cuticle around the section. The fibers, first 
bleached, then nitrated, no longer possess a cuticle, and the resi- 
dues, annular or spiralled by the action of cyclopentanone which 
will dissolve them in time, can represert only a more resistant 
nitrocellulosic element. 


ACTION OF ACETONE, 


Acetone, CHs—CO—CHs, dissolves dinitrated and trinitrated 
fibers instantly and without residues. A satisfactory mixture of 
acetone and hexane was difficult to find. With a dilution cf 6%, 
the swelling action is negligible; if the acetone is strengthened, 
swelling is rapid, resulting in obstruction of the lumen and some- 
times a fleeting unmasking of a spiralled system having fibrils, dis- 
tended by the diffluent gel which shortly disappears. By diluting 
the acetone with castor oil it is possible to obtain mixtures which 
bring about careful swelling, characterized by a slow distention 
and destruction of the surface of the fibers along well-defined 
helicoidal lines. 

By adding 55 drops of castor oil to five cc. of acetone, a very 
weak swelling occurs; an unrolled spiral with deeply serrated turns 
instantly appears around the fiber. If the strength of the castor oil 
is decreased by five-drop steps, comparable results are obtained, 
but with more marked swelling, causing, in some places at least, 
unwinding of the external fibrillar system. Figure 41 shows a few 
examples of patterns obtained by means of a particularly favorable 
concentration ; this shows the irregularity of swelling, the regular- 
ity and the density of the helicoidal formation in the less dilated 
sections, and its distention and relaxation around the very swollen 
parts. The acetone tests did not reveal the spiralled internal sys- 
tems seen in the bleached fibers with Schweitzer’s reagent and in 
nitrated fibers with cyclopentanone. 


ACTION OF METHYL ALCOHOL AND METHYL ESTERS, 


Methyl alcohol and methyl nitrate do not attack trinitrated cot- 
tons (CP), but dissolve dinitrated cottons (CP2) very rapidly. 
If the dissolving action is not instantaneous, transient helicoidal 
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fibrils are seen, which quickly disappear in the diffluent gel at the 
circumference of the severely swollen fiber. 

Methyl acetate dissolves all the nitrated cottons (CP; and CP2) 
immediately and without residues. However, the lesser solubility 
of the trinitrated cottons (CP) is demonstrated by the fact that 
the methyl acetate does not destroy it instantly and totally, but 
first frees the external spiralled system. In the course of its de- 
structive action this in turn disappears instantly. 


ACTION OF DIETHYLENE GLYCOL NITRATE. 
Diethylene glycol nitrate, O , is, contrary to 


CH, —CH,—ONO, 
the very volatile solvents previously used, a viscous liquid with 
low vapor pressure. It does not attack trinitrated cottons (CP) 
and dissolves dinitrated cottons (CP2) slowly, forming gels which 
are easily stained by Sudan red, Sudan black, indophenol blue, 
etc. The patterns observed during the course of this process are 
hardly different from those previously described. Nevertheless 


they display certain peculiarities which may be interesting to 
indicate. 


FIRST PHASES OF SWELLING. Swelling begins with the disap- 
pearance of all spiralling. The fiber shows rotational movements 
about its own axis, as a result of which it untwists and becomes 
cylindrical. Then it swells completely at certain points, between 





PLATE VII 


Fic. 39. Unrolled or spiralled residues from the swelling of nitrated 
fibers (CP:) by the mixture of cyclopentanone and hexane. (From a photo- 
micrograph: 75 x.) 


Fic. 40. Residues in the form of springs or rings, in the gel resulting 
from the action of cyclopentanone on trinitrated cotton. (From a photo- 
micrograph: 100 x.) 


Fic. 41. Nitrated cotton fibers (CP:) swelled in a mixture of 5 cc. ace- 
tone and 45 drops castor oil. (Traced from a photomicrograph: 50 X.) 


Fic. 42. Various views of segmented fibers more or less swelled by 
diethylene glycol nitrate. Notice in the two images at the left, the per- 
sistence, in the swelled sheath which is superficially covered by spiralled 
ornaments, of more or less well-defined areas which are not yet destroyed. 
The other sections are reduced to cylinders or spheres of gel showing, on 
their surfaces, a single ring or system of rings or resistant spirals (lis x) 
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which it is only superficially attacked. If the dissolving agent is 
stained with Sudan black, all parts transformed into gel become 
red-brown, while those which are still intact remain colorless and 
refractive. Around the fiber is a thin colored sheath (superficial 
swelling) which in places extends deeper to cut through the nitro- 
cellulosic tube completely. These gelled sections may remain 
cylindrical or swell into a ball and at the same time contract, bring- 
ing together intact sections, of which the ends are more or less 
tapered during dissolution. These points of breaking gradually 
become more numerous, separating the intact portions into shorter 
and more eroded parts, and at the same time a delicate system of 
helicoidal fibrils may be seen at the surface of the gel (Figure 42: 
the two patterns on the left). 


LAST PHASES OF SWELLING. Swelling continues with the pro- 
gressive disappearance of the intact portions, while the external 
helicoidal system becomes better and better defined (Figure 43). 
Under the spiralled fibrils the fiber is more or less completely 
transformed into gel. Then at a few points this gel diffuses and 
the fiber is gradually cut into fragments which are no longer con- 
nected to each other, and each of which in its turn is divided by 
the same process. Figures 42 and 44 show numerous more or less 
short fragments made up of a rod of gel, entwined by a helicoidal 
filament (Figure 44) or encircled by cuffs or rings resulting from 
the collapsing of the broken spirals. A few very short fragments 
are reduced to a drop of gel isolated between two rings or set in 
one ring only. These patterns are identical with those obtained in 


swelling thin sections of native fibers (cf. p. 600) with Schweitzer’s 
reagent. 


ACTION OF NITROGLYCERIN. 


Nitroglycerin is an oily hydrophobic liquid, less volatile even 
than diethylene glycol nitrate. It does not attack trinitrated cot- 
tons (CP) and dissolves dinitrated cottons (CP2) very slowly at 
room temperature. At higher temperatures (60°) this action is 
faster, and dinitrated cottons are transformed little by little into a 
gel easily stained by Sudan red, Sudan black, indophenol blue, etc. 
Micrographic researches on the explosives known as SD made a 
study possible on the formation of this gel during the course of 
manufacture, starting from the “ roll” formed by a mixture of dif- 
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ferently nitrated cottons, which is ground®, impregnated with 
nitroglycerin and subjected to repeated washings at a temperature 
of 80°. While the dinitrated fibers of the mixture are gradually 
transformed into a gel, the trinitrated hairs are resistant. In thin 
sections of the finished powder, intact trinitrated fibers which do 
not retain the oil-soluble stains are seen in a sudan-stained sedi- 
ment formed of a clump of precipitated dinitrated cotton. 

A careful study of this swelling process has never shown the 
helicoidal fibrils so clearly disclosed by the preceding solvents. 
With a hot solution and a roller it is relatively rapid, but the 
severity of this treatment and the softening which it brings about 
make it impossible to reproduce the delicate formations. A cold 
solution without agitation is extremely slow, and microscopical 
examination shows that nitroglycerin does not immediately pene- 
trate the fiber. It swells it completely.on the surface, that is, it 
gradually but integrally destroys the resistant peripheral layer, 
after which the layers beneath undergo a milder attack ’®. These 
are then swelled in turn, one after the other, toward the center of 
the fiber. Distention of the resistant superficial sheet by the deep 


layers during swelling and unwinding of this sheet into spiralled 
filaments is impossible under such conditions. 


Ill. OTHER FIBERS 


The observations for which the explanation follows are much 
less diverse and detailed than those relative to cotton fibers. They 
are only of a preliminary nature and call for more work. Never- 
theless, even a few facts would help to complete this work and 
broaden its scope. 


A. Grass FIBERS 


The samples obtained included paper pulps prepared partly with 
sorghum (Sorgum vulgare (Pers.) Fiori and P.) or with Canne 
de Provence (Arundo Donax L.) which had been previously de- 


9 Grinding nitrated cottons, in effect, cuts the fibers into short fragments 
having torn ends, at the points of which the core of spiralled fibrils is 
disintegrated. Thus the contact between fibrils and swelling agent is 
evidently considerably increased. 


10 If fibers so swelled are treated with 90% alcohol, the thin superficial 
layer is completely coagulated to form a creased sheath marked by folds 
very similar to the annular protuberences described by Sakostschikoff and 
Tumarkine, Haller and other observers (cf. pp. 561 and 562). 
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Fig. 45 
PLATE VIII 


Fic. 43. Middle region of a fiber strongly swelled by diethylene glycol 
nitrate. Under the superficial spiralled system, the deep layers are trans- 
formed into a gel which, in places, bulges forth in the interstices between 
the fibrils; at the upper end of the figure, however, a more resistant area 
exists under a thin swollen sheet (100 X). 


Fic. 44. Fragments resulting from the cutting of fibers swelled by dieth- 
ylene glycol nitrate. The gel (stained by Sudan Black red-brown in the 
specimen, gray in these three figures) is very clearly visible (130 x). 


Fic, 45. Sorghum fibers swelled in Schweitzer’s reagent. (A), “pearl 
necklace” pattern with indication of a superficial helicoidal filament. (B), 
constricted section between two highly swollen parts showing two con- 
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lignified and bleached. These fibers form the sclerenchymatous 
sheath of the lignin-free bundles in the grass stem. They were 
treated with Schweitzer’s reagent and swelling patterns were ex- 
amined. These patterns showed characteristic resemblances as 
well as differences with respect to those of cotton fibers. 


1. SORGHUM FIBERS 


Figures 45, 46 and 47 give an idea of the patterns more fre- 
quently observed in the course of the swelling of sorghum fibers. 

Some formations seen in Figure 45 are very similar to those 
previously described ; the arrangement in a “ pearl necklace” (A) 
is familiar. Figure 45 (B), with its two “telescopic” tubes, re- 
calls the two more resistant layers with spiral structure seen in 
bleached or nitrated cotton fibers subjected to the action of 
Schweitzer’s reagent or of cyclopentanone. Finally the flattened 
spiral represented in Figure 45 (C) bears a resemblance to the 
helicoidal debris existing in the last phases of swelling of nitrated 
cotton fibers treated with cyclopentanone (cf. Figure 40). The 
operations of retting, bleaching and delignifying, to which these 
fibers have been subjected, make it impossible to see at their sur- 
face a non-cellulosic envelope, the debris of the cement which 
unites them in the stem. Consequently here, as in bleached or 
nitrated cotton fibers, it exists only in the cellulosic parts of the 
wall and of the resistant layers which have an annular or spiralled 
arrangement. : 

Figure 45 does not show characteristics different from those al- 
ready described in cotton fibers. However, Figures 46 and 47 
reveal the existence of structural details not recognized in these 
fibers up to the present time. 

Figure 46 shows two fibers having (at the extreme left) a 
scarcely deformed section which extends (towards the right) into 





centric tubes having an annular structure. (C), spiral in the process of 
settling down at the point of constriction around an almost completely dis- 
solved fiber. 


Fic. 46. Sorghum fibers treated with Schweitzer’s reagent, showing from 
left to right, the appearances corresponding to more and more complete 
swelling. (Traced from photomicrographs.) 


Fic. 47. Section of a Sorghum fiber swelled by Schweitzer’s reagent. 
Note the filaments wound around the lumen, under the diffluent cellulosic 
layers. (Traced from a photomicrograph.) 
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a region showing, successively, all degrees of solvation. Imme- 
diately to the right of the unattacked section is a severely swelled 
region in which the whole wall of the fiber has become a gel 
marked by a system of intersecting striations. Further to the 
right this gradually dissolves and vanishes, and there remains of 
the fiber only a varicose axial tube, corresponding evidently to the 
cellulosic layer immediately surrounding the lumen. In the right 
half of Sketch (A) this tube shows the appearance of a “ pearl 
necklace ” with a helicoidal filament forming a loop around each 
constriction. In (B) the axial tube is visible only at the left of 
the sketch, emerging from the diffluent gel produced by the swell- 
ing of the external layers. Further to the right it is almost en- 
tirely dissolved: a few more resistant rings (a, a) represent the 
last traces of these external layers. These rings are traversed 
by a fine twisted cord representing the protoplasmic mold of the 
lumen (1), in which, extended toward the right, are the last resi- 
dues of the fiber in this region, in the form of a long filament of 
spiralled sections 1'. Figure 47 represents a little different appear- 
ance of an identical arrangement, and in each specimen a number 
of similar patterns are found without difficulty. This annular or 
helicoidal skeleton of the internal lamella surrounding the lumen, 
the equivalent of which does not exist in cotton fibers, undoubtedly 
represents the more resistant element of the wall of the fibers. 
The superficial spiralled system, so manifest in cotton fibers, is 
extremely fleeting and hard to see in sorghum fibers . 


2. ARUNDO FIBERS 


Like sorghum fibers, Arundo fibers show an easily visible re- 
sistant internal system, but there is no indication of rings or super- 
ficial spirals. Figure 48 represents three swelled sections of 
Arundo fibers showing helicoidal or annular formations very 
clearly located in the axial region under the swellec or diffused 
layers of the wall. Here again are patterns which have been made 
known through the study of cotton fibers. In cotton, however, 
the more resistant rings or spirals are situated on the external 

11In the intact fiber the lumen is rectilinear, but the strong longitudinal 


contraction accompanying the swelling forces it to crease into a spiral, an- 
other indication of the helicoidal arrangement of the wall. 


12 The patterns of Figure 45 might possibly contain signs of this super- 
ficial system. 
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surface and consequently entwine about the whole of the swollen 
secondary layers, while in grass fibers these elements constitute 
the frame of the internal surface and consequently are covered by 
the whole of the swollen secondary layers '*. 

It seems that if this structural detail is not a characteristic of 
the grasses, it must be rather widespread in this family. Exami- 
nation of Figure 49 (borrowed from Griffioen’s paper (1935)), 
representing a bamboo fiber swelled with caustic soda, shows that 
the lumen here gives the appearance of a tube marked by annular 
constrictions which are not very clear and have gone unnoticed 


by the author, but which are significant when compared with 
Figure 46. 


B. RAMIE FIBERS 


The ramie (Boehmeria Nivea) stem, in its pericyclic region be- 
tween the inner bark and the collenchymatous phelloderm, has a 
bed of very long superb cellulosic fibers, of which the textile uses 
are well known. The swelling of these fibers has been studied 
after simple degumming in a neutral reagent, and then after nitra- 
tion in different organic solvents. 


1. SWELLING OF DEGUMMED FIBERS 


Observations have been made using cupri-ethylenediamine hy- 
droxide, of fibers isolated by degumming with a very dilute 
solution of sodium citrate or sodium fluoride, according to the 
procedure of Primot (1941). The fibers thicken and contract 
markedly in length. In the swollen secondary wall parallel lines 
appear, indicating the boundaries of the concentric layers, while 
the surface shows a system of helicoidal bands represented by 
Figure 50. These bands, which attain a width of four to five 
microns, are stained by ruthenium red according to Herzog’s 
method. In the swollen fibers it is possible to see more or less 
marked transversal striations (Figure 50), of which certain par- 
ticularly clear ones correspond to circular constrictions. This 
segmentation of the fibers during swelling definitely corresponds 


13 A recent article of Schramek, Helm and Stenzel (1941), which Mr. 
Roehrich kindly supplied, contains a pattern (Figure 13) showing a strong 
resemblance to Figure 48 (B) in this paper However, this was some- 
thing else entirely, an artificial viscose fiber containing in its axis a 
completely swollen fiber section showing a “pearl necklace” formation 
under a sheath of coagulated gel. 
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PLATE IX 


Fic. 48. Segments of delignified and bleached Arundo donax fibers 
swelled by Schweitzer’s reagent. (A), spiralled cord around the lumen; 
(B), (C), “pearl necklace” patterns in the axial region. Note the swollen 
or diffluent layers of the wall around the “necklace”. (Tracings of photo- 
micrographs. ) 


Fic. 49. Section of a fiber of the Bambusa species swelled with sodium 
hydroxide solution. Note, at the surface of the fiber, the helicoidal debris 
of a more resistant membrane (primary membrane) and, in the axis, around 
the lumen, the annular constrictions, the significance of which is explained 
by comparison with Fig. 46. (From Griffioen, 1935.) 
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to an arrangement existing in the intact fibers. The constrictions 
appear, in fact, to be related to the folds '* of the concentric strata 
of the wall, which behave like less resistant parts. These arrange- 
ments certainly do not indicate, as Liidtke claims, the presence 
of transversal septa in the wall; these formations no more exist in 
ramie fibers than they do in cotton fibers. 


2. SWELLING OF NITRATED FIBERS 


DINITRATED FIBERS, 


Dinitrated fibers are attacked by all the nitrocellulose solvents ; 
nitroglycerin, diethylene glycol nitrate and cyclopentanone have 
been used. 

The action of nitroglycerin is extremely slow; the fiber is super- 
ficially attacked, with formation of a homogeneous gel without 
spiralled formations which can be stained with Sudan red and 
black. 

Diethylene glycol nitrate acts much more energetically, but it 
swells the fibers only slightly. It breaks them up, however, very 
rapidly into long bacilliform fragments, parallel to the axis, pointed 
at the ends and marked by humps corresponding to the planes of 
displacement '*. These elements are then divided transversally 
into less resistant parts appearing to coincide with the planes 
mentioned above. The fine rectilinear needles, similar to raphides, 
which result from this division are reduced in size and finally dis- 
appear. Hess and Schultze (1927) observed analogous phe- 
nomena in the course of dissolving acetylated ramie fibers. 

Cyclopentanone produces even more severe effects. After dilu- 
tion with an equal part of hexane, dissolution of the dinitrated 


14 The ramie fiber is clearly segmented. It shows at irregular intervals 
humps or joints separating perfectly cylindrical segments. Each joint 
results from the fact that in a more or less extended horizontal section 
of the secondary wall the concentric strata show a crease. From a direction 
parallel to the axis of the fiber, their surfaces of separation become oblique 
for a short distance, then regain their parallel orientation up to the follow- 
ing joint. These areas of displacement (“ Verschiebungslinie”) have 
been the object of numerous studies (Correns, 1892; etc.). 





Fic. 50. Ramie fibers separated by degumming for 15 minutes in a 
boiling 5% solution of sodium fluoride and swelled by Schweitzer’s reagent. 
((a), (b), and (c): 50; (d): 105 X.) 


Fic. 51. Trinitrated ramie fibers observed after mounting in castor oil 
(A) and in a mixture of cyclopentanone and hexane (B) and (C). 
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fibers is still almost instantaneous. Castor oil reduces the dis- 
solving action more efficaciously, and in mixtures rich in oil (cyclo- 
pentanone and oil mixed in equal parts) the characteristic patterns 
produced by this swelling agent can be analyzed. The fibers are 
at first superficially dissolved, as with nitroglycerin, but swelling 
extends rapidly in the direction of the axis. The rind of gel be- 
comes thicker as the residue of nitrocellulose not yet attacked 
becomes thinner; then this residue breaks into fine needles which 
soon vanish, while the cord of gel folds up longitudinally and takes 
on a crackled finish. It is finally divided into short thickly ser- 
rated transversal sections. 


TRINITRATED FIBERS. 


These are attacked neither by nitroglycerin nor by diethylene 
glycol nitrate, but they are dissolved slowly in cyclopentanone, 
diluted either with castor oil or with hexane, and the patterns ob- 
tained are very different from those given by dinitroramie. These 
fibers can also be studied after mounting in a drop of castor oil. 


When mounted in castor oil the fibers are not visibly swollen *, 
but they show details of their structure with great clarity. They 
possess a system of oblique striations forming a very acute angle 
(on the order of 10°; Figure 51 (A)) with the axis of the fiber 
and extending throughout the whole thickness of the wall. In 
fact, by changing the focus it is possible to see the arrangement 
of these striations in successive planes, with frequent inversions 
of direction following the slope of the planes. At certain points 
these striations, which correspond to the slits between the heli- 
coidal windings of nitrocellulose, show a sudden short change in 
direction. The conjunction of these irregularities intervening at 
the same point throughout the whole thickness of the wall con- 
stitutes a plane of displacement (‘‘ Verschiebungslinie”’; cf. p. 
611). 

In cyclopentanone, diluted either with hexane or with castor 
oil, the helicoidal fibrillar structure of the walls can be made to 
appear more clearly (Figure 51 (B & C)). The cracks, already 
visible after mounting in castor oil, are much more numerous and 


15 Castor oil is sometimes considered a swelling agent for nitrocellulose. 
Nevertheless neither dissolution nor swelling in this medium has been 


observed. The efficacy of castor oil as a retardant for swelling has been 
mentioned. 
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after swelling form a less acute angle (on the order of 25 to 
30°) with the axis; the fiber then is similar to a cable or cord con- 
stituted of twisted strands. 


IV. GENERAL CONSIDERATIONS 


Some of the facts previously stated lead to certain new ideas 
which can be divided into two categories. Some suggest the ex- 
istence, in the walls, of celluloses unequally resistant to swelling, 
showing well-defined divisions which vary according to the species ; 
others reveal the structure of these walls to a certain extent. 


A. THE EXISTENCE OF CELLULOSES UNEQUALLY RESISTANT 
TO SWELLING AGENTS 


It is evident from this research that in the fibers studied cellu- 
losic layers of the wall are not all equally soluble in swelling 
agents. Sooner or later all are completely dissolved but certain 
ones are very rapidly swelled, while others, whose presence and 
characteristics are thus disclosed, are resistant and disappear more 
or less slowly. 


1. EARLIER WORK 


It is believed that most research workers who have studied the 
swelling of fibers have pointed out, when speaking of layers re- 
sistant to swelling agents, only that the cuticle (cotton) or the pri- 
mary membrane and sometimes the internal membrane (other 
fibers) are entities which have a low cellulose content or which do 
not contain cellulose. Bailey and Kerr (1935) have been the only 
ones until now to note that production of the “ pearl necklace ”’ is 
not necessarily caused by the presence of a pectic envelope. Ac- 
cording to these authors, the decisive factor in the formation of 
these figures is the presence of a uniformly cellulosic membrane 
(primary wall) composed of micelles of circular orientation around 
the cellulosic layers which constitute the secondary wall in which 
the micelles are oriented longitudinally. Swelling of the cellulose 
takes place in the secondary wall and in the superficial sheet (pri- 
mary wall) following perpendicular directions. The very thin 
primary wall, which tends to spread out tangentially, breaks up 
into spiralled or annular fragments under the radial pressure of 
the layers beneath during swelling. 
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2. RESISTANT ELEMENTS 


Bailey and Kerr have made a notable contribution in calling 
attention to the irregularities of swelling of the cellulosic layers, 
independently of the presence of an insoluble envelope around the 
fiber. From the authors’ observations, primarily in cotton but 
also in the other fibers studied, there seem to be elements which, 
while showing the properties of cellulose, are more resistant to 
swelling agents than are other layers of the wall. 


COTTON FIBERS. 


MORPHOLOGICAL CHARACTERISTICS. These resistant elements, 
always present at the surface of fibers and sometimes in the depth 
of the wall, are deposited in the form of a circular ligature made 
up of isolated or connected rings, or more often of a helicoidal 
filament entwined in thickly serrated turns around the layers be- 
neath. These layers, which are less resistant to swelling agents, 
distend rapidly, and in doing so break this external sheath which 
is then dissociated in the form of rings or unrolled into spiralled 
filaments. These filaments can, moreover, bend back upon them- 
selves to take the form of rings or cuffs. On raising the axial 
frame of a bobbin during the continuous winding of the filament 
which it supports, the filament, no longer held up, breaks and 
settles down. This describes the behavior of a trinitrated cotton 
fiber subjected to the action of a solvent. This behavior seems 
identical to that described by Héppler (1942) in the tracheids of 
pine which have been delignified, then transformed into sodium 
carboxymethylcellulose and subjected to the action of water (solu- 
ble cellulose). According to him, the spiralled sheath which ap- 
pears and then unrolls constitutes a continuous protective “ plat- 
ing” (Panzerung) around the unswollen fiber. But this plating, 
resistant to etherification and remaining insoluble in water, is not 
of a cellulosic nature, while the spiralled ligature of the cotton 


fiber shows, qualitatively at least, solubility characteristics of 
cellulose. 


PROPERTIES. The rings and spiralled filaments of the wall of 
cotton fibers show a group of characteristic properties. They do 
not stain with ruthenium red, for which they show no affinity, and 
this distinguishes them very clearly from the cuticular layers. 
They are refractive and are therefore easily visible against the 
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much less brilliant background composed of swelled particles. 
They are flexible and elastic, unrolling themselves from around 
the cords of gel during swelling, slipping from the surface of the 
globular extrusions, then settling down in the depressions. 

Finally these elements show certain solubility characteristics 
with respect to all swelling agents. In samples of nitrated cottons 
treated with cyclopentenone, in which these characteristics are 
clearly visible, it is possible to follow all the stages of the appear- 
ance of these filaments or rings, as the swelling and expansion of 
the superficial layer of the wall proceeds. Then their isolation 
becomes obvious, while the deep parts of the wall, swollen little by 
little, disappear. The polarizing microscope helps to show the 
progress of this veritable scouring of the peripheral helicoidal sys- 
tem. Birefringence, which at first is very marked, is decreased as 
the secondary cellulosic layers swell and dissolve. All the inter- 
mediate stages between the still completely bright fibers under 
their filamentous ligature and the totally empty fibers which con- 
tain only the superficial helices completely devoid of crystalline 
nitrocellulose may be seen. These spiralled filaments are scarcely, 
if at all, birefringent; it is difficult to admit that this helicoidal 
plate was not originally anisotropic, as are all the elements of the 
cellulosic wall?®. Therefore the isolated filaments must become 
isotropic during swelling; they are still very distinct and this 
characteristic distinguishes them from other spiralled elements of 
the wall in which the crystalline state is maintained until they 
disappear. Finally filaments and rings vanish, always rather 
suddenly. 


OTHER FIBERS. 


Resistant elements showing comparable properties in the grass 
fibers have been shown previously, and it would be useless to re- 
call their appearances which are very different from those of the 
helicoidal fibrils and rings of cotton fibers. 

On the contrary, in flax fibers, which were studied briefly, 
superficial helicoidal fibrils extremely similar to those of cotton 
were found. The fibers examined were obtained by degumming 
different samples of dried stems, using a dilute solution of sodium 

16 Jt is impossible to determine the particular optical characteristics of 


the superficial sheet between crossed nicols because at the beginning the 
entire wall shows a great deal of movement. 
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citrate or sodium fluoride (cf. p. 609). The operation, which was 
done very cautiously, broke up the fiber bundles very little. They 
were then subjected to the action of Traube’s reagent after stain- 
ing with ruthenium red. Under these conditions, the fibers, on 
swelling, split off an intensely stained enveloping membrane, the 
fragments of which often have a spiralled form. Under this 
stained debris the surface of the cellulose during swelling is per- 
fectly colorless and marked by a system of helicoidal fibrils identi- 
cal to those observed at the same point in cotton and, like them, 
devoid of birefringence at the end. Among the uniformly swelled 
fibers are numerous ones which show the “ pearl necklace”’ ar- 
rangement. The observer who often examines cotton fibers finds 
familiar patterns here. 

Until now nothing like this has been distinguished in ramie 
fibers. Fibers treated by the fluoride process often show at their 
surface the relatively large helicoidal ribbon previously described. 
But in numerous fibers this does not appear, and in no way does 
this loose arrangement resemble the fine fibrils always seen at the 
surface of cotton fibers or flax fibers during swelling. As for 
nitrated ramie fibers, they are uniformly swelled without ever 
showing resistant elements. 


RESISTANT SPIRALS; UNSTABLE SPIRALS. 


The wall of ramie fibers is, nevertheless, manifestly constituted 
of helicoidal fibrils directly visible after very slight swelling (tri- 
nitrated fibers: cf. p. 612). But these spirals are extremely un- 
stable, as are those which form practically the whole wall of 
cotton fibers. These soluble and transient elements should be 
clearly distinguished from those which constitute the equally 
spiralled but resistant structure so clearly visible in cotton and flax. 
It seems that this distinction has not always been made. The 
numerous authors who have observed the spiralled fibrils of tex- 
tile fibers always appear to have confused the unstable elements 
and the resistant elements. The nature of these resistant elements 
must be specified. The fact that they end up by disappearing in 
the solvents, always rather suddenly, proves that they are consti- 
tuted of cellulose or nitrocellulose; their slow dissolution differen- 
tiates them from the fundamental cellulosic elements of the wall. 
Caution must be taken when speaking of the physical or chemical 


differences existing between the different varieties of cellulose so 
revealed. 
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SPECIFIC DIFFERENCES, 


From all the discussion which precedes, another notion can be 
evolved, that of the great structural diversity of the walls of fibers, 
according to the species. In the walls the distribution of resistant 
and unstable layers can be much the same in very diverse materials 
(cotton and flax) but may also show characteristic differences. 
After a brief study at least three very distinct structural types 
were found, one in cotton and flax, one in ramie, and finally one in 
grass fibers. 

As early as 1935 Bailey and Kerr insisted that it was impossible 
to describe all types of fibers by the same structural pattern. Ac- 
cording to them, great differences of structure can be observed not 
only in different species but even in a single species between fibers 
and even between parts of the same fiber. They feel that they are 
incapable of giving an idea of all of the structural variations of 
secondary walls. The authors agree entirely with the conclusions 
of Bailey and Kerr (cf. also Reimers, 1922; then, Frey-Wyssling, 
1935) and think that a systematic study of the wall structure of 
fibers in the different groups would undoubtedly be of great 
interest. 


B. THE STRUCTURE OF WALLS 


The methods of swelling used in this work are poorly suited for 
a study of wall structure. Denham (1923), Preston (1939) and 
others stressed the modifications brought about by swelling agents. 
“It is difficult to attempt to explain the phenomena of swelling 
according to the structural characteristics of the intact cell. The 
only clear fact is that the multiplicity of the lamellae revealed by 
the swelling technique and the diversity of their reactions to the 
swelling agents prohibit all exact deduction based on the exami- 
nation of the swelled material. The variations of orientation of 
micelles are certainly not as extreme as observation of the swollen 
material suggests” (Preston, 1939, p. 305). A great deal of this 
rather severe appraisal can be justified, for the structural deforma- 
tions, such as compression, thickening and twisting, undergone by 
a fiber attacked by a swelling agent have been mentioned in this 
paper. 

But the method used in this work, that is, resorting to nitrated 
fibers, which until now has been almost completely neglected, re- 
duces the importance of these difficulties. In diethylene glycol 
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nitrate an insignificant amount of swelling is sufficient to show 
spiralled fibrils (cotton) or fibers breaking up into needles 
(ramie). In cyclopentanone diluted with castor oil or hexane, 
structural details of the wall are visible in fibers whose diameters 
are hardly doubled after swelling. Then, too, the possibility of 
retarding the dissolving action of the swelling agent by convenient 
dilutions makes it possible to follow the different phases of these 
swellings and consequently to estimate the amount of the disorder 
which is brought about. After having recalled the fundamental 
ideas on the structure of the walls or fibers, an attempt should be 
made to explain the swelling patterns previously described and to 
determine whether the observations show the existence of an inter- 
fibrillar cement in the walls. An explanation should also be given 
on the formation of the spiralled or circular arrangements of these 
structures. 


1. FIBROUS STRUCTURE, ANNULAR STRUCTURE 


The following conclusions result from work pursued on the 
structure of the walls of fibers. 

Cellulosic micelles are arranged in two different ways. They 
are either oriented in helicoidal rows subparallel to the axis of the 
cell, forming a very acute angle (for example, on the order of 2 to 
10°) (this is the fibrous or helicoidal structure (“ Faserstruktur ” 
or “Schraubenstruktur” of Frey-Wyssling, 1935))%7, or ar- 
ranged in transversal filaments or rings, forming a 60° to 90° 
angle with the axis (this is the annular structure (“ Ring- 
struktur ’’) ). 

Layers of annular structure characterize the primary wall (in 
the sense of Bailey and Kerr (1935)), that is, the cell walls 
capable of lengthening without having undergone any thickening 
(for example the wall of the cambial cell). 

According to Bailey and Kerr (1935; cf. also Dippel, in Frey- 
Wyssling, 1935), the secondary wall of fibers includes, in most 


17 Frey-Wyssling (1938) very clearly distinguishes the fibrous structure, 
characterized by micellar alignments parallel to the axis of the cell, from 
the helicoidal structure, characterized by twisted micellar alignments, form- 
ing a very acute angle with the axis of the cell. While the fibrous struc- 
ture is present in the secondary wall of the bast fibers, the helicoidal 
structure exists in cotton, coniferous tracheids and fibers from decaying 
trees. Helicoidal structures in the bast fibers (flax or ramie) have also 
been observed. 
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cases, two layers of annular structure, an external one under the 
primary wall, and an internal one around the lumen. 

The secondary wall is characterized by layers of fibrous struc- 
ture which are deposited successively against the primary wall 
after the elongation process ceases. According to Bailey and Kerr 
(1935), the whole secondary wall of normal fibers is constituted 
(between the very thin internal and external walls, of annular 
structure) of strata of fibrous structure. 

According to Ziegenspeck (1939), annular structure, in general, 
belongs to the walls or the parts of the walls which elongate; 
fibrous structure belongs to the walls which thicken but do not 
elongate. 


2. WALL STRUCTURE IN HAIRS AND FIBERS 
COTTON FIBERS. 


While the whole secondary wall of cotton manifestly shows a 
helicoidal structure '*, its superficial wall shows annular structure, 
very clearly seen in nitrated fibers which have been swelled only 
slightly. In the tapered apical region of these fibers there are 
isolated rings and everywhere else a helix of dense turns. These 
are the elements of this annular structure which show the prop- 
erties (especially the resistance to solvents) previously noted. 

This superficial wall can be considered as the primary layer of 
the external wall. According to Balls (1923), the primary mem- 
brane of the fiber is comprised of helicoidal cellulosic alignments 
forming an angle of 70° with the axis. The superficial resistant 
spirals previously described show an angle of the same order of 
magnitude. Anderson and Kerr (1938) confirmed this idea and 
published a photomicrograph of a 15-day-old fiber stained with 
Congo red and observed between crossed nicols, in which the 
transversal, spiralled, cellulosic sections, arranged exactly like the 
ligature disclosed by swelling, are perfectly visible ’®. Finally An- 


18 This is recognizable only in strongly swollen fibers. The exact angle 
of twist of these fibrils with respect to the axis is not known, this angle 
having been increased, without a doubt, by swelling (cf. Preston, 1939). 
According to Balls (1923), this angle would be about 29°. 


19 Anderson and Kerr claim that the cellulose of the primary wall forms 
a network of fine filaments which are frequently anastomosed, but their 
photographs show nothing like this, and any anastomosed filaments be- 
tween the rings or the various turns of the spiral have never been observed 
in our work. 





1 A EET CRONE ILL TY HE > 





620 THE BOTANICAL REVIEW 


derson and Kerr, and also Nickerson (1940), indicate that the 
cellulose of the primary wall differs from that constituting the sec- 
ondary wall. Observations of the authors on the solubility char- 
acteristics of the superficial fibrils support this idea. 

Thus it is necessary to distinguish the primary lamella, which is 
purely cellulosic and remains in bleached or nitrated fibers, from 
the pectic cuticle which covers it and which is destroyed by bleach- 
ing. Balls and Hancock (1922) had already made this distinc- 
tion; Bailey and Kerr (1935), then Anderson and Kerr (1938) 
did not maintain this but considered these two formations identical. 
The authors agree with the conclusion of Balls and Hancock. 

It remains to be determined whether this cuticle has a spiralled 
structure or whether it is amorphous, an idea supported by Sakost- 
schikoff and Korsheniovsky (1932). The fact that it often breaks 
up into helicoidal ribbons favors the first hypothesis, but the still 
greater frequency of irregular layers of any shape whatsoever, as 
well as the evident isotropy of this pectic membrane, strengthens 
the second point of view. The helicoidal breaks of the cuticle have 
the same angle with respect to the axis of the fiber as the fibrils of 
the primary wall. They are probably determined by the nature 
and the method of swelling of the primary sheet immediately 
underneath. 


OTHER FIBERS. 


FLAX. The wall of flax fibers shows (cf. p. 615) the same dis- 
tribution of resistant and unstable cellulosic fibrils as cotton. It 
shows also, after careful degumming, a pectic envelope similar to 
the cuticle of cotton. It is possible, then, to establish close struc- 
tural similarities between these fibers and cotton; the pectic 
cuticle of cotton fibers corresponds to the pectic envelope of the 
fibers, that is, their middle lamella. Under this membrane the 
primary wall and the secondary wall show very comparable char- 
acteristics in both of these materials. 


RAMIE. The wall of ramie fibers shows a different make-up. 
A well-characterized primary wall is never seen in carefully de- 
gummed fibers. The loose spiralled ribbon described above, the 
presence of which is far from certain, is the only element appear- 
ing to correspond to this layer. It seems that the ramie fiber 
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shows this thinning out of the primary wall after secondary thick- 
ening, as pointed out by Kerr and Bailey (1934). 

The secondary strata show the same helicoidal structure with 
an acute angle of twist to the axis that the homologous layers of 
cotton do. But this arrangement has been seen only in the swell- 
ing of trinitrated fibers. 


GRAssES. According to our observations, the grass fibers (Ar- 
undo, Sorghum) are characterized by a lack of resistance of the 
primary wall toward cupric solvents, the remains being scarcely 
visible when bleached and swollen fibers are used. They are espe- 
cially characterized by the resistance to swelling of the deep layers 
of the secondary wall. Various authors (Griffioen, 1935; Bailey 
and Kerr, 1935) have already pointed out analogous details in 
other grasses (Bambusa). 


INTERFIBRILLAR CEMENT. 


While Farr and her collaborators insist on the presence of a 
cement joining the granules of cellulose which constitute the suc- 
cessively deposited layers in the walls of cotton fibers, Bailey and 
Kerr hold the contrary view. According to them, the cellulosic 


weave of the wall is coherent and continuous; it does not consist of 
a cement uniting isolated units, fibrils, dermatosomes, ellipsoidal 
bodies, etc.; these hypothetical entities are only fragments pro- 
duced artificially by the harsh mechanical and hydrolyzing action 
of swelling agents. 

Results of the studies presented in this paper do not permit such 
marked skepticism. Sometimes slight swelling (for example, tri- 
nitrated ramie fibers in castor oil) reveals the existence of con- 
tinuous helicoidal cracks in the secondary wall. Slight swelling 
suffices to show the resistant fibrils of the primary wall, especially 
in nitrated cotton fibers. These fibrils are always embedded in a 
uniformly swelled diffluent amorphous mass, and in a number of 
cases (cf. Figs. 18, 22, 23, etc.) this mass brings about the swell- 
ing of the very thin layer externally limiting the wall. Thus it is 
assumed that the primary lamella of the wall consists of relatively 
resistant fibrils in a very soluble cement. Analogous conclusions 
may be extended to the different strata of the secondary wall, of 
which the helicoidal fibrils, although very unstable, appear to be 
immersed in a homogeneous gel before vanishing. Then the ex- 
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istence of a very easily swellable interstitial material *° uniting the 
unstable or resistant fibrils in fibers is assumed. 

No one knows whether these fibrils are discontinuows and made 
up of isolated corpuscles, but, however resistant, they always dis- 
appear in the swelling agent. If agreement is reached with Farr 
and her school on the reality of a cementing substance, then all 
observations weaken the idea of a cellulose invulnerable to Schweit- 
zer’s reagent. 


THE ORIGIN OF SPIRALLED AND RINGED FORMATIONS 
OF WOOD CELLS. 


Remarkable resemblances exist between the resistant fibrils of 
the primary wall of cotton and flax fibers, one the one hand, and 
the spiralled and ringed ornaments of wood cells on the other. 
The morphological resemblances are so evident that it is useless to 
stress them; this is also true when speaking of the structural re- 
semblances, since in these ornaments the orientation of the micelles 
is transversal with respect to the axis (“ Ringstruktur ”’: cf. Frey- 
Wyssling, 1935 and 1938), the same as in the primary wall of 
fibers. 

It does not seem that these analogies are accidental. The spi- 
ralled and annular cells are very characteristic of the primary 
ligneous formations, as distinguished from the procambial cells in 
which the wall becomes longer without thickening. Conforming 
to the general rule expressed by Ziegenspeck, these walls show an 
annular structure which only the transversal ornaments reveal. 
Now it may be thought that the lignin which impregnates these 
ornaments is arranged in the primary wall in sections correspond- 
ing exactly to the rings or helices of slightly soluble cellulose in 
the primary walls revealed by swelling experiments. In the same 
way it is possible to see in certain walls formations which are ex- 
clusively helicoidal (as in the lower and middle parts of cotton 
and flax fibers) or exclusively annular (as in the tips of cotton 
fibers), dense (cotton) or loose (ramie fibers), and in these ex- 
clusively spiralled or ringed cells an ornamentation either close 
together or spaced apart. 


3 It is possible, as Farr claims, that the abundance or the integrity of 
this interstitial material in native fibers accounts for the homogeneity 
of the swelling patterns, while in bleached fibers the cement, having been 
partially destroyed or changed, would no longer mask the details of 
fibrillar structure. 
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V. CONCLUSIONS 


1. The studies described here are characterized by the employ- 
ment of a new method for swelling cellulosic walls, namely, pre- 
vious nitration of the wall and attack, by a number of well known 
neutral solvents, of the nitrocellulose formed. Without any risk 
of hydrolysis one may then vary the swelling agents and obtain 
very instructive patterns; these patterns have been compared with 
those obtained by swelling native or bleached cellulose in Schweit- 
zer’s reagent. 

2. The cuticle and the middle lamella, both rich in pectic sub- 
stances, are not the only layers of the wall of fibers which are re- 
sistant to swelling agents. Other strata, of a purely cellulosic na- 
ture, show a relatively slight solubility and can therefore be made 
evident. 

3. These resistant cellulosic strata, showing an annular or spi- 
ralled structure, may exist in these materials in the form of collars 
or helicoidal filaments until the swelling and diffluence of the other 
elements of the wall are more or less complete. 

4. The resistant cellulosic strata form the primary wall of the 
fibers and in grass fibers make up, in addition, an internal sheath 
immediafely surrounding the lumen. Moreover, in cotton fibers 
these resistant cellulosic strata are sometimes observed in the 
thickness of the secondary wall. 

5. The structure of the walls in fibers as well as the homologies 
between the different elements making up these walls has been ex- 
amined in the light of the facts previously established. 

6. Comparative examination of diverse materials (cotton, flax, 
ramie, grass fibers) reveals very important differences in wall 
structure. A general study of the variations of structure of the 
walls of fibers according to the different systematic groups would 
certainly be of great interest. 

7. A relation seems to exist between the formation of annular or 
spiralled ornaments in the wall of wood cells and the presence in 
this wall of a weave analogous to that revealed in the primary wall 
of fibers. 
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VII. ADDENDUM * 


Since the appearance of this paper, other work bearing on the 
subject has been done in the same laboratory, and it may be of in- 
terest to mention it here. 


Mlle. M. H. Sachet (1946, 1) has shown, in a detailed study of 
several species of grass (Triticum, Arundo, Stipa, Zea, Sorghum, 
Bambusa), that a general characteristic of this family is the pres- 
ence of a resistant internal cellulosic ligature around the lumen. 
In Bambusa, Zea and Arundo there is a third resistant spiral, 
with transversal turns, in the thickness of the secondary wall, and 
this affects the swelling patterns obtained. 

In another note (1946, 2) Mlle. M. H. Sachet has considered 
the development of the cellulosic wall of cotton fibers. She has 
shown that the wall of very young fibers (in bolls of less than 25 
mm.) is devoid of the transversal cellulosic ligature characteristic 
of adult fibers. This ligature appears only in older fibers (bolls 
about 38 mm.) and acquires its definite character just before the 
beginning of the secondary period of thickening. 

Mangenot, Rebiffé and Roudier (1948) have found that the 
mucilage cells of the pseudo-berry of mistletoe (Viscum album) 
show a structure comparable to that of cellulosic fibers: each of the 
cells has a primary wall made up of a transversal cellulosic spiral ; 
the secondary wall is made up entirely of pectic matter. More- 
over, the mucilage cells of Viscum are very elongated and could 
be called “ mucilaginous fibers”. The properties of the glue, or 
mistletoe mucilage, result from this structure. When the glue is 
drawn out, the external cellulosic ligature unrolls in the form of 
long birefringent filaments (the X-ray diagram of cellulose has 
been obtained from these filaments) embedded in pectic matter; 
these filaments of cellulose are elastic, like those of the primary 
wall of all the fibers. The well known tenacity of the glue follows 
from this structure. A comparison is suggested with the mucil- 
aginous cells of the tegument of certain berries (Cobaea scandens, 
etc.) in which Popovici (1893) also observed a cellulosic spiral 
which could be unwound. 


* Translators’ Note: In granting permission to publish this translation, 
M. Mangenot requested that the appended matter be included to cover more 
recent work on the subject. 
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